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In recent years the production of hybrid chicks in the 
United States has shown noticeable increases. The U.3.D.A. 
Agricultural Research Service (1954), in reporting the distri­
bution of chickens in hatchery flocks under the National 
Poultry Improvement Plan, listed "incrosemated" birds, or 
hybrid parent flocks, in the general classification of "other 
varieties" until the reporting year 1951-1952. In that year 
they reported 3.4 per cent "incrossmated", as compared with 
2.8 per cent for "other varieties". In 1953-1954 the per­
centage of incrossmated birds was 5.1 per cent. Calculation 
from the reported figures indicates that there were 1,837,395 
birds in incrossmated flocks for the latter year, an Increase 
of 560,369 birds in two years. At least two states in each 
of the six regions used for reporting purposes had some in­
crossmated birds. Every state in the East North Central and 
West North Central regions had some. 
The percentage figures for the reporting year 1953-1954 
in the two North Central regions indicate the relative impor­
tance of hybrids in this area. The East North Central region 
had 6.8 per cent, or 528,471 birds incrossmated. The leading 
state in this region was Illinois, with 13.3 per cent, or 
287,417 birds. The West North Central region had 13.0 per 
cent, or 1,063,929 birds Incrossmated, well over half the 
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national total. The leading state In this region was lovja, 
v/ith 38.7 per cent, or 590,401 incrossraated birds. The lat­
ter figure represents 55.5 per cent of the regional total and 
32.1 per cent of the national total of Incrossmated birds 
for the reporting year 1953-1954. 
Since the National Poultry Improvement Plan defines in-
croasbreds as progeny resulting from the crossing of inbreds 
with coefficients of inbreeding of more than 50 per cent, it 
is evident that much inbreeding has been necessary to produce 
the nearly 2,000,000 breeding birds being used in incross-
mated flocks under the Plan today. If the growth of this 
particular type of breeding continues, it would be advanta­
geous for breeders to know, not only what incrossbred progeny 
may be expected to do, but what inbreeding may do to various 
characteristics of birds being inbred. The present study 
concerns one of these characters, mortality after hatching. 
Some idea of the losses associated with inbreeding may 
be had from results of investigations of the flock of inbred 
White Leghorns at Iowa State College. Stephenson (1949) 
found a regression of egg production on inbreeding of -0.43. 
At the level of Inbreeding specified by the National Poultry 
Improvement Plan, this would mean 78 fewer eggs per year per 
hen from inbreds than from non-inbreds of the same foundation 
stock. Wilson (1948) found a regression of hatchability on 
inbreeding of -0.19, indicating between nine and ten fewer 
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chicks per 100 fertile eg-gs from inbreds than from non-inbrede. 
In the present study, before analysis, inbreds averaf-^jing about 
4b per cent inbreedin{^' had an indicated mortality from hatch­
ing to the end of the pullet year of 64.6 per cent, aa con­
trasted Vrfith 54.5 per cent mortality among non-inbreds. This 
would mean that of 100 pullet chicks started, ten fev;er in­
breds would finish the year than would non-inbreds. From 
these estimates it is evident that the reproductive perform­
ance of inbreds is considerably below that of non-inbreds. 
A closer estimate of the difference in performance may 
be had by a hypothetical example of 100 pullet chicks started 
for each type of breeding, using the above estimates of per­
formance, and assuming 60 per cent egg production, BO per 
cent hatchability, and 100 per cent fertility amon{^5 the non-
inbredo. Using survivors as breeders and assuming a four-
month hatching season, the non-inbred birda would produce 
ii,G21 chicks the follov/ing year, while the inbreds would 
produce only 1,153. Ttiis estimates the reproductive per­
formance of inbreds as 44 per cent of the non-inbred rate, 
stated another way, if non-inbred pullet chicks j^re valued 
at 30 cents each, inbred pullet chicks would have to be 
valued at 68 cents each for the total value of chicks pro­
duced by each system to be equal. 
Evidence from other sources indicates that inbreeding 
adversely affects viability of chickens at all ages from 
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the fertilized ovum to the mature bird. In one experiment 
Cole and Halpin (1915, 1922) terminated inbreeding studies 
with Rhode Island RedB after four t'snerationn bsc&use of 
insufficient breedin^.^ Gtock. After six genorotiona of in-
breedin^j Leghorns, Goodale (1927) had only one line left. 
The lov/a State College inbreeding project hps continued 
lont^er than either of these, yet 3tephenson (1949) gives the 
avera;^e life of 32 inbred, lines as closed flocks as five 
years. Only three lines v/ere continued ten years or more 
before the threat of extinction necessitated a line cross 
before the inbreeding program vjas continued. 
While many authors emphasise low hatchability as a 
major factor in the poor reproductive performance of in-
breds, there is good evidence that inbreeding and decreased 
viability are associated at all stogCv^ of life. The reports 
show considerable variation from year to year and from line 
to line, even though the lines may have had a common origin. 
The problem to be considered here is to estimate the inbreed­
ing depression effect on viability at different a^^es in the 
fowl, freed as much as possible from the extraneous effects 
of line and year. 
5 
REVIEW OB' LITERATURE 
Mortality 
General mortality 
Several investigators hpve studied general mortality in 
chickens. Some have studied trends in mortality iTithout 
regard to cause. Others have determined the mont prevalent 
causes of death. Some have related mortality to such things 
as breed or strain, age of dam, growth, age at sexual matu­
rity, or broodineas. In general these latter studies have 
not used a pathological approach and have not Involved autop­
sies . 
Thompson (1922) studied 2,135 cases of laying house 
mortality in different flocks and found a total of 60 diseases. 
He classified the diseases es epidemic and non-epidemic, and 
estimated "normal" (non-epidemic) mortality at between 5 and 
10 per cent per year. Lent:?; (1923) found reproductive dis­
orders and cannibalism to be the chief causes of depth among 
birds of the Massachusetts Station flock. It is interesting 
to note that, nearly 30 years later, Brunson and Godfrey (1952) 
in a study of causes of mortality in the Oklahoma Laying Test 
over a 14-year period, found 22.1 per cent of the deaths due 
to reproductive disorders, v;hile lymphomatosis accounted for 
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only 13.3 per cent. The average yearly mortality was 20.27 
pt;r cent, compared with Thomj^son's estlmsted 5 to 10 per 
cent "normal". 
Harris (1926, 1927) and Harris and Boughton (1927), 
studying Storrs Laying Test records, found that birds dying 
in the first laying yeiir showed declining egg production when 
compeared with their pen-mates who survived. This observgition 
is in agreement v/ith reports by Card and Garrett (1938), 
Lemur, Taylor, and Lubbehusen (1939) pnd Boetian nnd Dear-
styno (1939). These reports might indicate that declining 
production is a disease symptom, vjhich is B.pparent before 
actual diagnosis or death. Harris and Boughton (1927) found 
breed differences in mortality, but Dudley (1928) found no 
significant differences between breeds. 
Kennard (1933) made a 12-yeor survey of mortality in 
Ohio flocks, indicating changes in mortality rntes and ma.^or 
causes of death. In the period from 1921 to 1925 old hens 
were used mainly for breeders, whereas, after this period 
pullets were used. From 1921 to 1925 the pullet progeny 
mortality rate was 13.2 per cent. In the 1925-1929 period it 
rose to 38.4 per cent, and increased to 55.5 per cent in the 
1929-1933 period. From 1921 to 1928 the major diseases re­
ported were colas, roup, and bronchitis, while later on 
leucosis, typhoid, and cholera were the most frequently 
reported causes of mortality. 
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Jull (1954) found higher laylng-house mortality among 
the offspring of high producers, although no relationship was 
found between four-week mortality and the dam's production. 
His observation that the pullets which died tended to mature 
later than survivors v.'as confirnied by Bostian and Dearstyne 
(l9o9) and Gordon (1942). 
I'latt (1935, 1956) found upvjard trends in mortality and 
production among Leghorn pullets in the Vineland tests. 
Mortality rose from 6.5 per cent in 1918 to 25 per cent in 
1955, while production rose from 55 to 56 per cent in the same 
period. 
Selection for t-ceneral viability 
Several workers have selected birds for general viability, 
or, in selecting for resistance to a specific disease, have 
improved t^enwral viability. Marble (1959) reported that 
laying-house mortality had been reduced by half in five years 
by selecting for resistant families and using old hens as 
breeders. Bostian and Dearstyne (1942) selected for resist­
ance to disease, maintaining unselected strains for controls. 
After four years of selection, livability in the laylng-house 
ranged from 89 to 99 per cent in five selected pens, while 
two pens of unselected birds had survival rates of 76 and 77 
per cent. Sturkle (1943), selecting for general viability, 
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reduced adult mortality of a strain of Leghorns from 89 per 
cent to 27 per cent in five years. Hyre (1949), reduced 
laylng-houee mortality In a flock of Leghorns by selection 
from ii5.8 per cent In 1938 to B.5 per cent in 1949. He re­
ported that only 9.6 per cent of the fo,milies showed perfect 
vi£\bility in 19o8, while 57.3 per cent of the families had 
perfect survival records in 1949. 
Hutt and Cole (1947) reduced gen. ral mortality in tv;o 
resistant strains v;hile selecting primarily for resistance 
to neopli^ains. Starting in 1935, mortality from all causes 
in the unselected population was 63.8 per cent. By 1945 the 
tv/o resistant strnina showed mortalities from all causes of 
19.9 and 2r3.4 per cent. V/hile part of the change may have 
been due to improved manaf^ement, the authors pointed out that 
mortality from all causes in their susceptible strain was 
still 53 per cent, and had been as high as 68 per cent. 
Specific disease resistance 
Numerous studies have been made to determine whether 
resistance to a specific disease is inherited. Such studies 
often start with field observations or surveys. The survey 
may be based on diat^'nostlc laboratory reports, autopsy 
records of laying tests, or may be a special survey. V.'hen 
a survey shows differences in mortality betv;Ben breeds or 
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stralno, it is usually assumed that such clifferenceo are 
hereditary. In otuclies going beyond the survey stage the 
investigation is experimental. The o.pproach is to select 
for resistance, susceptibility, or both, maintaining an un-
selected flock for control- Methods of exposure to disease 
vary from challenge at selected ages v/ith known amounts of 
a p&thogenic organism to simple exposure, either to Infected 
quarters or to older birds which are assumed to be CHrriers. 
One example of such a study is found in a series of pub­
lications originating at the Illinois Agricultural Tvxperiment 
Station. Roberts and Card (19E6) reported that the consictent 
resistance to bacillery white diarrhea (pullorura disease) of 
chicks from certain birds and flocks suggested inherited 
resistance to the disease. An abstract (Roberts and Card, 
19i3£) gave survival figures for their aolected resistant 
strain, their unselected strain, and various matings involv­
ing the two. In a ten-year study involving 29,000 birds, 
Roberts and Card (19o5) were able to improve resistance by 
selection. Severena, Roberts,and Card (1942) studied the 
anatomy and physiology of resistant and susceptible birds 
and found larger spleens in the resistant chicks. They sug­
gested that differences in development of the lymphoid system 
might be a major factor in resistance. This investigation 
did not confirm the work of Scholes and Hutt (1942) who re­
ported that high body temperature was related to resistance 
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to U. luilloruiii Inoculation. Later 3everens, Roberts, and 
Card (1944) reportod temperature dlffGrencer. between resist­
ant and susceptible breeds, but they asoigned major importance 
to lymphocyta count and size of spleen. 
A siiJiilcr investigation involving fov;l typhoid was 
started at the Iowa Agricultural Experiment Station in 1928. 
In a series of papers resultin{^' from t;hivT otudy (Lambert, 
193;;:.; Lsjntert and Knox, 193;?,; Lambert and Waters, 1932-193G; 
Gov.'sn, Lindstrom (8t , 1937-1949; Bell, 1949) the follov;lne 
conclusions have been reported: 
1. That breeds or strains may differ in resistance. 
That resistance or susceptibility to fov;l typhoid 
can be influenced bj? selection. 
3. That genetic resistance or susceptibility can be 
fixed by inbreeding and selection. 
4. That resistance can be increased by topcrossing 
selected stocl; on non-aelocted stock. 
b. That resistance can be increased by crofjsinc certain 
resistant strains. 
6. That mutation can change virulence of the patho-^'en. 
?. That resistant birds show higher norm;:'l temperature 
Slid threater phagocytosis. 
8. That irradiation v;ith X-rays loviers resistance. 
Many investigators have studied the inheritance of re­
sistance to the avian leucosis complex (fowl paralysis. 
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lymphomatosis). Wilcke, Lee, and Murray (1937) reported suc­
cess in developing resistant strains, but found that full 
Bibs in such strains varied in their resistance. Gildow, 
Williams, and Larapman (1940) reported that selection reduced 
mortality, and that chicks from old hens were more resistant 
than chicks from pullets. This implies that old hens, as 
survivors, are naturally selected for resistance. VVilliaras, 
Lampraan, and Holm (1941) suggested that some of the lowered 
mortality in their selected resistant stock must be attributed 
to a lower virulence of infection. VJhen unselected stock 
from the parent strain was given the same exposure as the 
selected etrain of birds, lowered mortality in both groups 
indicated that not all of the "resistance" resulted from 
selection. 
Cornell workers have apparently been able to develop 
strains resistant and susceptible to lymphomatosis. Hutt 
and Cole (1947) reported the results for the tenth genera­
tion of selection. The mortality due to neoplasms in the 
original unselected stock in 1935 was 14.6 per cent, \>ihile 
in 1945 the mortality in two resistant strains was 7.9 and 
8.3 per cent. Concurrently, the mortality from neoplasms in 
a susceptible strain was 34.9 per cent. Hutt, Cole, and 
Bruckner (1945) reported comparative tests of commercial 
strains unselected for specific disease resistance against 
the Cornell strains, which were then in the seventh 
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generation of selection. The mortalities in the tvo commer­
cial strains under heavy exp0w^,ure v;ere 18 and 23 per cent. 
Mortalities in the Cornell resistant strains were 7 and 15 
por cent. In the Cornell susceptible strain mortality due 
to neoplasms was 35 per cent. In a test of environmental 
effects on resistance, Cornell stocks and Alabama selected 
stocks v;ere tested at both stations, with similar results 
reported from each location (King, Cole, Hutt, and Cottier, 
1952). 
Taylor, Lerner, DeOme, and Beach (1943) selected birds 
for their resistance and susceptibility to lymphomatosis. 
In eis,',ht years their resistant line dropped from 10.65 per 
cent to 7.06 per cent mortality. At the same time their sus­
ceptible line rose from 13.46 per cent mortality to 26.28 
per cent. Sturkie (1943), while selecting for general 
viability, recorded deaths due to leucosis. He reduced 
general laying-house mortality from 89 per cent in 1935 to 
27 per cent in 1940. He reported that two-thirds of the 
deaths in 1935 were due to leucosis, while in 1940 only 14 
per cent of the deaths vjere caused by this disease. Calcu­
lating the percentage mortality due to leucosis, this v/ould 
mean a reduction from 58 per cent to 4 per cent in five 
years. 
Chanipion (1950), challenging chicks with 100,000 
sjjorulated oocysts at 11 days of age, reported the viability 
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five to ten days later of chickens selected for resistance 
and susceptibility to cecal coccidiosis, together with the 
viabilities of various metings of the strains. Ihe resist­
ant strain shovi/ed 56.5 per cent livability, while only 5.3 
per cent of the susceptibles lived. The viabilities of 
reciprocal matini'^s were 39.6 and 36.4 per cent. Corres­
ponding progeny had viabilities of 24.1 and 27.1 per cent. 
The survival rate of unselected controls was 16.9 per cent. 
A repetition of the trial (Champion, 1952) gave similar re­
sults. Rosenberg (1941) reported successful selection for 
resistance to cecal coccidiosis in Leghorns, vjith results 
repeatable. Edgar, King, and Johnson (1951), after four 
li'enorationa of selection for resistance to coccidiosis, found 
only 5 per cent mortality in their selected birds, compared 
with 56 i:ier cent mortality in unselected controls. 
Ackert £t (1935) found heavy breeds more resistant 
to roundworms than lighter breeds, and heavy strain White 
Minorcas more resistant than a light strain. Hooves and Hutt 
(1952) studied breed resistance to nutritional encephalomala-
cia and found Leghorns to be more resistant than heavy breeds. 
Breeding 
Crossbreeding 
The effects of breed crossing on mortality have been 
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studied by many investigators. Warren (1927) reported chiok 
mortalities of 19.9, 12.2, and 3.2 per cent to three weeivs for 
Jersey Black (lients, White Leghorns, and their crosses, re­
spectively. Warren (1930) reported several more breed crosses 
involvin^T; Leghorns, Rhode Island Reds, and Barred Plymouth 
Rocks. The mortality of the purebreda to three weeks ranged 
from 6.04 to 19.7 per cent, while the crossbred chicks ranged 
from 4.0 to 5.5 per cent. Warren also compared chick mor­
tality in Leghorns of a strain croos with the pure parental 
strains. The pure strains averaged 2.4 and 5.6 per cent 
mortality and the strain crosses averaged 2.7 and 3.5 per 
c en t. 
It appears that adult viability is not improved by cross­
breeding to the same extent that chick viability is improved. 
Warren (1941) reported that "among characters tested, adult 
mortality shov^ed least improvement". The latter report was 
based on an extensive Burvey, involving 14,000 birds and 22 
different breed crosses. 
Knox and Olson (1938) found better viability to one year 
of a{j,e in crosses of Leghorns and Rhode Island Red?, than in 
the parent stocks. Knox, Qiiinn, and Godfrey (1943) made 
crosses and three-way crosses of Rhode Inland Reds, White 
Wyandottes, and Light Sussex, and compared viability with 
that of the pure Rhode Island Red. They found that the two-
way crosses had 10 per cent better viability and the 
three-way crossoa had 15 per cent better viability. Knox, 
GordonJ and Mehrhof (1949) crossed the Rhode Island Red and 
Light SuBsex breeds, then made three-vjay crosses with White 
Leghorns and Barred Plymouth Rocks. Their results indicated 
generally Improved viability from crossing. The viability 
perceutaties reported were: Sussex 69.6, Reds 72.5-73.8, 
t'wo-way crosses 76.2, three-way crosses with Leghoi'ns 73.3-
81.1, and three-vjay crooeee v/ith Rocko 89.6. 
King and Bruckrier (1952) made reciprocal crosses of 
Rhode Island Rede and Barred Plymouth Rocks. They found 
Bi^^niiicant improvement in viability to six v;eekQ of age in 
Jae orossbreds but no significant improvement efter six weeks. 
Glazener, Cornstook. Blow, Dearstyne, and Dostian (1952) found 
no apparent gain in adult viability from crossbreeding. 
Wordskoi^ and Ghostley (1954) compared performance of pure 
strains of heavy breeds with strain crosses and breed crosses 
over a period of three years. While their results x>?ere not 
consistent for the three years, probably due to epidemic 
disease and changes in management, some advantage vms indi­
cated from crossing. Breed crosses v/ere superior to pure 
strains in most comparisons of mortality. For the brooder 
period, breed crosses had lower mortality in two of the three 
years, being equal to the pure strains in the third. Breed 
crosses had loiver mortality in all three comparisons of range 
mortality, and were lower two times out of three for the 
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Isying-house period. Correspondinij; comparisons of etrein 
crosses shoved the crosses with lower vclues than the pure 
strains in three teats of brooder mortality, and lov/er twice 
out of three times for both range and laying-house mortality. 
VJhen unv/eighted means of annual percenty^^e mortality values 
were compared, strain crosses vjere 4 per cent and breed 
crocses 5.6 per cent less than the pure strains during the 
brooder mortality period. VJhen ranf?;e mortality drtn vjere 
treated similarly strain crosses were 2.4 per cent and breed 
crosses 6.7 per cent lower than pure strains. For laying-
house mortality the corresponding^ figures were 3 per cent 
.-find E per cent, respectively. Hutt and Cole (1952), report­
ing results of a strain croBO in Leghorns, found improvement 
in !!iost characters, but no improvement in viability during 
a two-year trial. One possible explanation for this result 
ic that both strains had been under heavy selection pressure 
for resistance to neoplasms for 13 years. 
Incroasmating 
Jull (1933) reported that crossing inbred lines (three 
gen.:.'rationo of full-sib or half-sib matings) of Leghorns 
improved viability to four weeks. Maw (1942) crossed inbred 
lines of Leghorns with varying relationship to each other. 
Chick mortality to six weeks of age increased x^ith increasing 
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relationship. Six crosses xvith the relationship between 
lines varyinij; from zero to 45 per cent averaged 7.2 per cent 
mortality, while five oroasea witli relationships of 51 to 61 
per cent averaged 20.3 per cent mortality. Maw (1949) re­
ported the mortality of six crosses formed fr'ora seven inbred 
lines of Leghorns developed at the Regional poultry Disease 
Laboratory at East Lansing. He used resistant and suscep­
tible non-inbred lines from the Pennsylvania Agricultural 
Experiment Btation as controls. Weighted average mortality 
for tiic period between 168 and 600 days vjas 37.7 per cent 
for the crosses and 41,5 per cent for the controls. When 
mortality for tne period from 4S days to 600 days was con­
sidered the situation was reversed. The crosses hed 35.2 
per cent mortality and the controls had 30.8, which indi­
cated Bomev;hat heavier range mortality among the crosses. 
Dickerson, Kinder, Krueger, and KempRter (1950) made breed 
crosses, strain crosses, and intra-flock rnatiags of four 
different breeds. Up to -^2 weeks of age the breed crosses 
showed from 5 to 8 per cent leas mortality than strain 
crosses. The breed crosses, also, showed less adult mor­
tality than the intra-flock matings. 
Nordskog and Arvidson (1948) tested hybrids, presumably 
four-way incrosaes, in different locations. They found that 
mortality differences bet\jeen crosses and between locations 
were not significant. Mueller (1952) compared commercial 
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inbred-hybride (four-v;ay incrosaes) v;ith croasbreds from non-
inbz'ed atoct^.. Wiiile the mortality riy;uros were uot quoted, 
comparison oi' production fissures on hen-housed and sur­
vivor bases indicated about 5 per cent loss mortality i'or 
the crosabredG in the laying-house. 
Toporo8Biu/:>; 
Waters (1938) reported that topcrossing inbred Leghorn 
males on non-inbred leraeles reduced mortality up to eight 
weeks and £4 Vi/eeka of age. Mortality to eitj;ht weeks v;as 5.8 
per cent for topcross chicks, compared with 8.1 per cent for 
non-inbred and 14.2 per cent for inbred chicks. Correspond­
ing figures for E4~xi;eek mortality were: topcrosses 10.3, 
non-inbreda 15.8, and inbreds 23.0 per cent. Mavj (1942) 
found cin eight-week mortality of 7.8 per cent in a Leghorn 
topcrosa, compared with 18.1 for non-inbreds and 18.3 for 
inbreds. 
Maternal effects 
A few reports of crosses involving hli;;;h and low mortality 
lines Indicate possible maternal effects on edult mortality. 
Moultrie, King, and Cottier (1952), in reciprocal crosses of 
Leghorn strains, found better tidult viability in the croas 
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using the hlt^i"] viability strain for the female parent. VJhen 
the i'eaiale parent oamo from the low viability atrain, the 
mortality of the crosses approached the value for the lov; 
viability strain. Mav/ (1949) crossed two inbred lines vary­
ing in resistance to leucosis. In reciprocal crosses he 
Ibund that a mating of susceptible males to resistant females 
yielded progeny xvith a 42-600 day mortality of 4 7.5 per cent, 
v;hile mortality of the reciprocal cross for the Eome period 
was 61.1 per cent. 
Inbreeding 
There have been numerous reports indicating that de­
creased viability {^oes aloxi^; -v.'ith increased inbreeding. 
Dryden (19113) stated that inbreeding lowered egg yield and 
increased mortality ol' both chicks and hens. Cole and 
Halpin (191G) gave a preliminary report on the effects of 
close inbreeding in Rhode Island Reds. Selection v;as based 
on plumage color. The latter was assumed to have no asso­
ciation with the vitality of the birds. Cole end Halpin 
(191:2) stated that the experiment was terminated after four 
years beco.use hatchability and viability were too low to 
maintain breeding stock. A new ejcperirent v;as started using 
hatchability and vi^-or of chicks aa the bases for selection. 
After four years the apparent vitality of the stock vias 
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improved, but; egg production was lov.'ered . No further details 
of the expe riment were published, but Jull (19-53) quo tori 
Cole as otating thc.t the, experiment ar;;i:!in tormina ted be-
cau£;e of poor hatchability. Dunn (IQto) found that chick 
iTiortality in Loj-^hoi-na to throe v;eeks of a(;ie increased from 
3.6 to per cent after three generations of inbreeding. 
Aault mortality waa obscuj'ed samexvhat by epidemic di?.ea?;e, 
bul appeareu to rioe. Gi00d;-le (1927), after si:x [generations 
of full-sib iiiatinii in Lej^horns, had juat one line left of an 
undisclosed number started. Dunkivrly (I9o0) .nade fat;hi;r-
Qaught^er laating'a (a) after an ouLbred raatinfj; and (b) after 
a full-sib mating-. These types of matin^^s v;{jre repeated 
three years, but no report vjas made of later inbred i-jenera-
tiouB. VJhite Ivyandottefs, Rhode Islmid Reds, and vJhite Leg­
horns v/e:re UBed, coniparlnj^ thein v/ith outbred controls. 
Sixteen-week "rearabillty" was lower in tiho Inbreds than in 
the controls in all but one ol' the 16 conparifions shown. 
With but one exception the outbredB s)iowed 16-v;eek viability 
rmi^iny from 8 to 47 per cent better than the inbredo. 
Jull (19oo), using full-sib and half-aib Leghorn makings 
for three ij;enerationo, found that chick mortality to four 
weeks was not affected. Hays (1954, 19o5) found Rhode Island 
Heas with inbreedlnti coefficients up to per cent to have 
30 per cent laying-house mortality, compared with 27.29 per 
cent for non-inbreda. "Range" mortality (hatch to September 
21 
1) also increased with inbreeding. 
Waters and Lambert (1956) reported that the mortality 
or Leghorn inbreds to eight v/eekn and r:4 weeks of sp-e appeared 
to decline gradually betvjeen 10 per cent and 70 per cent in­
breeding;, then rise sharply ps inbreedinp: exceeded 00 per cent. 
Layini;_^;-house mortality durlnp; the pullet yesr chov'ed a ^ rridual 
rise to about 55 per cent at 50 per cent inbreeding, dropped 
to 30 per cent at 70 per cent inbreedlnji', and roBe apain as 
inbreedin^^ vjent beyond 80 per cent. Duzgiines (1950) studied 
regression of mortality on Inbreedinj^ ' coefficients in Le?^ -
horns. He found a slKniflcnnt regression for mortnlity up 
to five months of age, but no significont regression after 
that. 
Ar'b effects 
Certain studies have Indicated that effects of breeding 
on mortality tend to decrease with the age of the bird. Sev­
eral studies have concerned crossbreeding. V/arren (1927, 1930) 
found decreased mortality to three weeks of age os a result 
of crossbreeding, but stated (1941) "ajiiong characters tested, 
adult mortality showed least improvement". Similarly, the 
studies of King and Bruckner (1952) showed improved viability 
to six v/eeka of age as a result of crossing, but no signifi-
Ci^ nt Improvement beyond that age. After comparing breed and 
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Btrain orossey with pure strains of heavy breeds aiid finding 
differtnoee decre; aint; with age qs outlined above, l^ordskog 
end GhoBtley (1954) commented in their BUiamt.ry that heterosis 
for* livability apparently occurred early in the life of the 
chick, but tended to disappear ae the chick approached matu­
rity. A similar decline in ti;e Influence of breeding on 
mortality! as the bii-d thrown older is indicated in tlie work 
of fjuzgiines (1950). He found a significant regression of 
mortality on inbreeding up to five months of age, but none 
after that age. 
Heritabillty of viability 
Feiv eBtlmates of heritabillty ai'e to be found in the 
literature concerning viability or mortality in poultry. 
ThoBO that do appear are for adult mortality. None have 
been reported for early mortality. Lerner and Taylor (1943) 
eBtiraated heritabillty of laylng-house mortality to be be­
tween .134 and .139. Robertson and Lerner (1949) pieced 
the estimate at .089. Lush, Lamoreux, 8.nd Hazel (1948) 
estimated heritabillty of I'esistance to death to be .083, 
or vjhen transformed to a probit scale, .145. 
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Effeots of Inbreedinj.^ In Other Speclee 
Investigations with sx^ecles other than the fowl con­
tain many e:tamples of intense Inbreeding.'; without bringing 
the strains to extinction. These are in contrast to several 
reports of inbreeding with chickens, where full-alb mating 
has i-esull'-ed in extinction or the threat of extinction in 
from four to six years. 
In plants East and Jones (l919), after selflng four 
strains of corn from the same variety for ten i^enerations, 
vfere able to obtain over 29 bushels per acre. They cited 
the work of Castle and coworkers with DroBophlla, in which 
full-sib mating was practiced for 59 generations. That this 
was possible, when the average proportion of sterile matlngs 
for the first 42 generations was over 17 per cent, indicates 
either thj^t there were large numbers from which to select or 
that the effect of inbreeding on reproduotive performance 
was slight. Oowen and Jolmson (1946) found Indications of 
reduced egg production in inbred strains of drosophlla, but 
one strain which had been full-sibbed for 9S gener^itions 
still had a mean lifetime egg production of 389 eggs. 
Wright (l9:i:;£b, 192ic;c) still had vigorous survivors 
after 2U generations of full-sib mating in guinea pigs. 
Five out of ;.;3 strains started were lost in the first nine 
years, however. Strong (1936) still had vigorous mice after 
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55 generations of close inbreeding. King's (1918a, 1918b, 
1919) rats showed no decline in size or vigor after 28 gen-
erationa of full-aib matinf^. 'fliat there v/as intense selec­
tion is indicated by the atatemeiit that in many generations 
20 females were selected from among 1,000 offspring. 
Possibly because inbreeding v.'as (generally leas intense 
in swine, the several experlmerits with this species have been 
successful. JU'ter eight {generations of inbreeding, Willham 
and Craft (1939) •'.vere still able to select sows ivhich aver­
aged 5.2 pijis weaned per litter. Cornstock and Winters (1946) 
and Kincaid (194f3) found, respectively, regressions of -.037 
and -.038 pitss farrov;ed per litter for each Increase of 1 per 
cent in inbreeding. This would amount to less than two pigs 
per litter at 50 per cent inbreeding. Vernon (1950) reported 
a rejsression of *422 per cent of total mortality, including 
pigs born dead, on per cent inbreeding. This figure would 
indicate slightly more than 21 per cent lifetime mortality 
associated with 50 per cent inbreeding. 
These reports are in marked contrast to the reports of 
Cole ana Halpln (191G, 1922) who terminated tv/o inbreeding 
experiments with flhode Island Reds after four generations 
because of failure to reproduce sufficiently to replace breed­
ing stocK, or of Goodale (1927) who h&d only one line left 
after six years of inbreeding. The Iowa inbreds, on which 
the present study was based, had only a five-year average 
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for the cluration of an inbrod lino as a closed flock. 
Stephenson (1949) estimated that the effect of inbreedln/^ 
on egg production could not be bclr.nced by a selection rate 
vhich caved 30 per cent of the flock for reiDl&cementa. 
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DATA STUDIED 
Origin of Lines 
The stock involved in this study carae from several 
sources. The original parent strain of White Leghorns was 
purchased from an lovja breeder in 1923. Some time before 
1927 exhibition typ-e females and a production bred male -
Tailored Triple Impt;rial Male No. 823 - were added. Inbreed­
ing was started in 1927. Subsequently, as shown in Table 1, 
other stock was introduced from the Iowa Agricultural Experi­
ment Station poultry Department flock, the Iowa 3tate College 
Institute of Veterinary Research, Idaho and Oklahoma Agri­
cultural Experiment Stations and the Mount Hope Farm of 
Massachusetts. In addition inbred strains were introduced 
from the Iowa Agricultural ICxperiment Station Genetics 
Department, the Kew Jersey and Minnesota Agricultural Experi­
ment Stations, and from the Reaseheath Experiment Station in 
lilngland. 
For the purpose of this study a line is defined as a 
closed flock, descending from an inbred mating. When new 
stock was introduced this is considered the origin of a new 
line. As examples, Line 3 started with a full-sib mating, 
D208, in 1953. When Line 7 crossed with Line 3 in 1935 























Table 1. Sumin ary of inbred lines 
Source Origin End Years Lines 
Foundation s1:ock 1927 1937 11 12,18 
1 X 12 1937 1938 2 None 
D208 1934 1936 3 12 
3 x 7  1935 1944 10 24,25 
4 X non-inbred 1940 — 8 14 
5 x 12 1947 194 7 1 None 
D206 1934 1937 4 4 
F110,114 1935 1939 5 27 
0170,180 1932 1935 4 None 
9 X G-enotics male 1936 1936 1 l^one 
F84 1935 1941 7 16, 18,19,25, 27 
Genetics male x 
1 & 2 females 1935 1944 10 16, 24,25,28, 31 
12 X 16 1941 1943 3 None 
13 X 5 1943 1947 3 None 
14 X 22 1944 — 4 None 
11 X 12 1937 1942 6 13, 20,25,29, 31 
16 X 11 1939 — 9 30,32 
1 X 11 1939 1941 3 None 
18 X 11 1940 — 8 None 
Mt. Hope male x 16 1939 1945 7 None 
20 X 24 1943 5 None 
ij8 
Table 1. (Continued) 
Line Source Origin End Years Lines 
Idaho non-inbred 1941 1944 4 23 
26 22 X 24 1943 — 5 None 
24 English inbred male 
X 4 & 12 females 1940 B 21 
25 4,11,12,16 1939 9 None 
26 Oklahoma ExJriibition 1944 1947 4 None 
27 8 X 11 1941 1944 4 None 
28 27 X 12 1943 1944 2 None 
29 27 X 16 1943 1944 2 Wone 
30 27 X 17 1944 — 4 None 
31 W.J. inbreds, 
12 & 16 1942 — 6 None 
32 Double ore as 
(xN.J. inbred x 17) 
(Minn, inbred x 
Vet. Res.) 1944 — 4 None 
Non-inbred 
33 Foundation stock 1926 1936 11 34 
34 33 X HOP males 1936 1942 7 35 
35 34 X Idaho non-inbrod 1940 M mm. 8 None 
on non-Inbred females in 1940, the progeny started Line 5. 
Table 1 shows o'c inbred and three non-inbred lines with 
the date of origin, date of termination, duration as a closed 
f3.oc.k., end new lines which originated from them. As an 
example, Line 1 was continued in Lines 12 atid 18. The aver-
aj^e duration of the lines as closed flooKs v;as five years. 
The three non-Inbred <:roups of birds were used as con­
trols in one phase of the study. They consisted of the foun­
dation stock, with later additions of HOP males and Idaho 
Agricultural Experiment Station non-inbred stock. 
The Data 
Not all of the lines shown in Table 1 were used in this 
study. Lines with a closed flock duration of less than three 
years were omitted. In other coses if the progeny of a given 
line all died previous to mating.;, the line was not included. 
Since throe mortality periods were studied, a line not rep­
resented in all three periods was excluded. There were 25 
lines which existed more them two years and were represented 
In all three periods. 
Some data were eliminated because of Incomplete records. 
Information on causes of death was Incomplete. In some years 
almost no birds v.'ere autopsied. In other years a majority 
of sick or dead birds were sent to the Diagnostic Laboratory 
to be examined, but a Viliih percentp.ii'e bore notatlonn in the 
records of "decoinposed" or "no diagnosis made". While the 
positive diagnoses serve to indicete the relative occurrence 
of variouR dlBoasas In n given year, the information for 
individual matinga v/as not sufficient for B dependable ana­
lysis of causes of death. 
Mortality records vjere found mainly in family record 
reports, while supplementary informotion was taken from 
individual record sheets for banded females and, when 
available, from records of eight-week body v/eights for younger 
birds. 
Sex vjas usually recorded at eight weeks or later. In 
some years the sex of birds dying before eight weeks v;as 
recorded, but in the main it v/as not. So, in this study, 
birds dying before eight vjeeks were not classified as to sex. 
For reasons of economy, males of many families v/ere dis­
carded betv/een the time that birds were taken from the brooder 
house and the time they were housed. This is a common commer­
cial practice, aiid even experimentally the cost of keeping 
excess males VJould hardly seem Justified from the information 
derived. For this reison males vjere not included in the 
analysis beyond eight weeks of age. 
Gulling of some females at the time of housing was 
usually done. The amount of culling apparently depended on 
the relationship between the number of pullets and the amount 
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of housing space. In some years heavy culling of banded 
females was done about January first. This was especially 
true in 1944, a v;ar yeer ivith short feed supply. 
To overcome the effects of culling as much as poGsible, 
mortality vms calculated on the following bases; 
Brooder mortality = chicke dead to 8 weeks of ap:e 
chicks hatched 
Range mortality - females dead from 8 weeks to housinR-
females alive at 8 weeks 
Laying-house mortality = females dead from housinp; to July 1 
females housed 
The number of females culled dui'lnir the ran^e and layinff-house 
periods wao recorded to determine the amount of culling prac­
ticed. Culling for a patholo^yical reason (bad eye, iritie, 
lame, paralyzed) was considered as death at that date. Death 
due to accidents was considered as cullinti. Birds with in­
complete records (no final disposition or ds,te of death) were 
not included in the analysis. 
Tables 2, 3, and 4 show the numbers of inbred families 
entered in the three mortality periods studied. In the brooder 
mortality period 30,578 inbred chicks and 16,E75 non-inbred 
chicks v/ere started. Range mortality studies involved 10,492 
inbred and 4,919 non-inbred pullets. Pullets housed for the 
layini_^'-house mortality studies totalled 7,441 inbreds and 
4,103 non-inbred s. 
Table 2. Families included in brooder mortality study - hatch to 8 weeks 
Y 6 S.X'S 
Lines ^ i"35 ^^6 ^37 TSs «39 iTo 'TI i"?3 «"44 i"45 iTs »T7 Total 
1 5 6 5 5 2 4 29 
3 1 11 18 35 
4 3 10 9 14 17 17 15 9 3 2 99 
5 5 9 12 20 9 2 55 
7 1 5 7 7 1 21 
8 9 6 7 21 2 45 
9 10 10 10 1 31 
11 7 9 10 29 10 2 1 68 
12 6 8 12 24 30 21 16 17 7 3 144 
14 4 4 9 1 18 
16 6 20 12 12 12 11 73 
17 5 9 10 13 19 10 15 18 24 123 
18 5 4 10 19 
19 3 4 5 5 10 10 6 5 48 
20 15 27 15 17 14 3 5 96 
21 2 11 11 12 16 52 
22 11 35 17 4 67 
23 1 7 20 14 9 51 
24 9 9 13 12 7 7 3 12 72 
25 15 18 20 11 23 15 15 34 17 168 
26 12 13 11 3 39 
27 5 3 1 5 14 
30 1 6 3 2 12 
31 1 7 13 15 11 47 
32 28 41 10 14 93 
Total 17 34 65 51 47 112 111 122 12S 138 117 141 185 135 116 1519 
Table 3. Famillss included in range mortality study - 8 weeks to housing 
Years 
Lines '33 »34 '35 '36 '37 '38 '39 «40 '41 »42 '43 '44 '45 '46 '47 Total 
26 
33 
16 17 14 8 3 £ 89 





















1 5 8 A "X 4 2 3 
5 1 11 18 3 
4 3 9 7 10 
5 
7 1 5 7 6 1 
8 9 4 6 16 
o 9 9 9 1 
11 6 7 9 24 
12 5 7 11 22 
14 
16 6 19 
1 1 56 
19 13 9 5 2 117 
4 4 6 1 15 
12 12 10 71 
7 10 13 18 9 15 18 24 119 
4 9 16 
3 3 5 4 10 9 5 4 43 
27 14 15 13 1 5 90 
2 10 9 10 16 47 
10 32 16 4 62 
1 7 20 13 7 48 
9 9 12 11 6 5 2 12 66 
18 20 11 23 15 15 32 16 164 
12 13 11 3 39 
5 3 1 4 13 
1 6 1 2 10 
1 7 13 15 11 47 
28 39 9 14 90 
Total 15 33 51 41 42 94 99 117 120 122 110 134 174 122 112 1397 
Table 4. Families included in laying-house mortality period - housing to July 1 
Years 
Lines •33 '54 '35 '36 •37 '38 ' 39 •40 ' 41 '42 '43 '44 ' 45 '46 ' it 7 Total 
1 5 8 3 3 2 1 22 
3 1 10 17 3 31 
4 2 9 7 9 16 15 11 6 3 1 79 
5 3 9 10 17 5 2 46 
7 1 4 7 4 1 17 
8 7 3 6 15 1 32 
9 9 9 8 1 27 
11 6 5 9 21 7 1 1 50 
12 5 6 10 21 21 15 11 7 2 2 100 
14 4 3 5 1 13 
16 6 19 11 10 9 9 64 
17 5 6 10 13 17 9 15 18 23 116 
18 3 4 8 15 
- 19 3 3 3 3 10 8 5 3 38 
20 15 25 14 13 13 1 5 86 
21 2 10 7 o 15 -12 
22 9 28 15 4 56 
23 1 7 14 12 6 40 
24 9 9 11 9 6 5 2 11 62 
25 14 18 19 10 22 15 14 30 16 158 
26 11 Q 7 2 29 
27 5 2 1 4 12 
30 1 6 1 2 10 
31 1 7 12 14 9 43 
32 28 36 7 12 83 
Total 16 31 55 34 41 86 93 106 109 106 101 129 153 109 102 1271 
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The following inforin&tion was recorded and punched on 




Dam' G wingband nuuiucr 
Dam's inbreeding coefficient 
Sire'8 number 
Sire's inbreedinp; coefficient 
Inbreeding coefficient of offspring 
Number of chicks hatched 
Number of chick,s dead at 8 weeks 
Daughters alive at 8 weeks 
Daughters dead at housing 
Daufihters culled before housing-
Daughters dead before July 1 
Daughters culled before July 1. 
The inbreeding coefficients were calculated according to 
Wright (1922a). 
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METHODS AND RESULTS OF ANALYSIS 
Regression on Class Centers (Method. I) 
As a preliminary estimate of the regression of mortality 
on inbreeding, simple linear regressions of mortality on in­
breeding Glp.Be centers were calculated. labreeding coeffi­
cients were grouped at intervals of 10 per cent, with the 
first class including coefficients of 0 to 9 per cent and 
the final class 80 to 89 per cent. These classes were formed 
ignoring year and line. Some data were included in this 
analysis which were eliminated in later ones. Summaries of 
the data are shown in Table 5. 













00-09 16.42 16.30 25.66 
10-19 12.00 9 .90 33.69 
20-29 17.67 13.40 31.13 
30-39 14.37 21.83 38.99 
40-49 25.93 23.88 46.43 
50—59 18.40 20.41 50.61 
60-69 24.20 23.84 54.06 
70-79 29.87 24.66 56.67 
80-89 33.79 22.86 58.57 
Unweighted 
average 21.40 19.68 43.98 
Regression 0.23 0.15 0.43 
Error 0.05 0.04 0.03 
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Regression lines and class values are shown in Figures 
1, 2, and 3. These analyses yielded the following regression 
coefficients; 
Brooder mortality 0.23 0.05 
Range mortality 0.15 + 0.04 
Laying-house mortality 0.43 + 0.03. 
These regressions indicate the per cent increase in mortality 
for each per cent increase in coefficient of inbreeding. 
Since the Inbreeding coefficients in these data would 
tend to rise in successive years it is possible that mortality 
may have Increased at the same time independent of effects of 
Inbreeding, so that the above regressions may reflect yearly 
trends. To test the importance of this confounding- effect, 
linear regressions of brooder mortality on years were cal­
culated for both inbreds and non-lnbreds, ignoring lines and 
inbreeding coefficients. Non-significant regressions of 
0.0051 and 0.0068 indicated that there had been no significant 
mortality trends over the years studied. 
Mortality and Size of Family 
The size of an Individual fsjnily determines the number 
of discrete mortality classes possible. With only one chick 
in a family only two mortality values are possible: 0 and 
100 per cent. With two chicks in the family three values are 
Figure 1. Regression of brooder mortality on inbreeding 
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Figure 2. Regression of range mortality on inbreeding 
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Figure 3. Regression of laying-house mortality on inbreeding 
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possible: 0, 50, or 100 per cent. The Intervals between 
percentage values vary Inversely as the number of birds in 
the family. In this study, with a range in family size from 
one to 84 birds, the intervals could vary from 100 per cent 
to 1.19 per cent. 
To test the actual effects of small families on the 
mortality rate, preliminary analyses were made using the 
number of chiclts hatched es the criterion for classes, but 
only counting birds which had complete records. As an exam­
ple, amon^ j families with six birds hatched, mating Q-369 had 
two birda v/lth incomplete records, leaving four birds to be 
Included in the analysis. Of these, one died in each of the 
mortality periods, and one ^l;as still living at the end of 
the laying-house period. This gave a mortality rate of 25 
per cent In each period. When these were combined with the 
25 per cent survival the total for the family was 100 per cent. 
Analyses of variance were run on families of size one to 
18 for the brooder and range mortality periods, using per cent 
mortality as the variable. First the entire set of brooder 
data was analyzed, v;hloh showed a significant mean square 
for family si2,e. Next an analysis of family size from 10 
through 18, inclusive, was made which yielded a non-
slgnlflcfliit mean square. Following this, nine individual 
analyses were made, comparing the 10-18 group individually 
with each of the family sixes from one through nine. The 
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mean square for rarxilly size one was highly significant (p<^ 
• 01) but none of the others were sij^nificaiit (p^.05). 
When range mortality values were similarly analyzed the 
mean square for the entire aet of data was highly significant, 
for the 10-18 tiJ^oup non-significant, for fajmily size one 
highly significant, and for family size two significant. 
Hone of the others (^ave a significmit mean square. On the 
basis of these reeulta no families sraaller than siae three 
were included in subsequent analyses. 
Regression of Corrected Values (Method II) 
A second method used to study the effect of inbreeding 
on mortality was to correct mortality of the inbreds with 
the mortality of non-inbred controls. The control stock vms 
maintained as a pedigreed closed flock, So that some inbreed­
ing would result, but the mating of close rolatives was 
avoided. During the period studied two outcrosses were made, 
v;hlch tended to minimize further the amount of inbreeding. 
Nevertheless, since the control flock was closed much of the 
time, some sllt^ht inbreeding was inevitable, and the impor-
tonce of this inbreeding in the control population v.'as esti­
mated. 
Tvjo methods of estimating inbreeding v/ere used. Vfright 
(1951) proposed a method based on size of population, which 
4^ 3 
estirnatecl the increase in inbreoding per generation in a 
random breeding closed population. The formula is: ^ 
The quantiuisG M and B"" represent the numbers of males 
8F 
and fenialeB, respectively, in the population at any given 
time. V/rlght and McPhee (1925) proposed a pedigree sampling 
method for estimating inbreeding in a population. In this 
method the number of "ties" to a common ancestor found in a 
rajidom two-line pedigree are counted. The estimates by both 
motbods izve siiov^in in Table 5. 
Table 5. Kstiraated amount of inbreeding 
in control flock 
Estimated inbreeding; by: 
Number Number Size Random 
Year of of of two-line 
Date Code males females population pedigree 
1933 D 6 88 .0000 .0000 
1934 E 4 50 .0222 .0083 
1935 F 4 34 .0595 .0166 
1936 a 4 39 .0909 .0249 
1937 H 10 123 .0802 .0333 
1938 I 5 54 .0000 .0000 outcrool 
1939 J 6 76 .0273 .0085 
1940 K 4 33 .0490 .0170 
1941 L 5 39 .0717 .0256 
1942 M 3 35 .0000 .0000 outcroa 
1943 N 4 35 .0402 .0272 
1944 0 4 40 .0800 .0544 
1945 P 4 33 .1144 .0816 
1946 Ci 6 46 .1494 .1088 
44 
The population tiize method tended to give higher esti­
mates then dici the random pedigree method. Lush (1945, p. 
279) Btiiteci thrt up to half of the inbreeding estimated by 
the poi)Ul<?tion method may be avoided by not mating close 
relativeR. Thus it seems roa.sonable to assume that the random 
pedigroe method is the more accurate. The values of inbreed­
ing coefficients by the random pedigree method, rounded to 
the- neare-^t v/hole per cent, v;ere used to correct inbreeding 
coefficients 8.iiiong the inbreda in the succeeding study of 
regression of mortality on inbreeding. 
Mortality in the control stock was calculated by years, 
using the ratio of birds dying in a mortality period to the 
birds beginning the period. Unweighted means of yearly mor­
tality values were determined and from this mean deviations 
were obtained. Mortalities and deviations for the years 
1933-1947 are shown in Table 7. 
The follov/ing procedure v;as used to correct the mortal­
ity and inbreeding values of the inbreds, using values ob­
tained from the control flock. The annual control flock 
values for mortality deviations and for inbreeding \>;ere sub­
tracted from average mortality and inbreeding values of 
line-year subclasses of the inbreds. The differences ob­
tained were used to calculate regression of mortality on 
inbreeding, using the methods shown in Snedecor's (1946) 
chapter on covariance. The analyses for brooder mortality 
Table 7. Control flock, siinusl per csnu .-.ortality rater, ':1th eorrectionp^ 
brooder period Ran;<R period Laying-house period 
Date Code Mor'oality Correction Mortalitii Correction Mortality Correction 
1935 D 10.28 4 .3 2.56 9.5 32.76 6.6 
1934 ih 7.12 7.5 9.34 fi. 8 23.91 15.4 
1935 F 11.99 2.6 25.13 -13.0 42.86 -3.5 
1936 G 5.36 9.2 13.96 -l.S 67.77 -28.4 
1937 H 3.37 11.2 11-09 1.1 60 .00 -20.7 
1938 I 50.30 -35.7 20.00 -7.8 62.64 -23 . 3 
1939 J 11.66 2.9 12.17 0.0 55.87 -16.5 
1940 PC. b >94 7.7 15.83 -3.7 49.10 -10.2 
1941 L 1:0.93 -6-3 21.99 -9.3 34.25 5.1 
1942 K >3.57 -9.0 11.04 1.1 22.41 16.9 
1943 K 8.16 6.4 14.42 (2 O 32.45 8.9 
1944 0 18.75 *4. o iP * tC*-f P Q IS.67 22.7 
1945 P 3.36 11.2 0.00 12. c 13.12 26,2 
1946 22.55 -S.O 3.49 8.7 37.02 2.3 
iiean 14.60 12.17 39.34 
^Correction equals dcviption from neaii T'.ath sign reversed. 
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are shown in Tab3.e B- All "F" v^lueG for the three mortality 
periods were fomd to be non-aignlfIcnnt. 
Viith rei^'ard to tne onalyper? using Method II, the follow-
Ini'^ tentative conclunions seem in order: 
1. Regression of mortality on inbreeding differed nlg-
nificantly from zero. 
2. Differences in mortality araonjj; liner. \i?er5 not sig­
nificant. 
3. Individual line regressions did not differ sig­
nificantly among themselves. 
The individual line regressions ?jre Bhown in Table 9. 
yi{^nificance of these regressionB ^>jas not determined. Gen­
eral and intra-line regression coefficients along with their 
standard errors ere shov.'n in Table 10. These regressions are 
shown graphically in I-'i/jures 4, 5, and 6. 
The Method of Least Squares (Method III) 
The results from the preceding analyses, based on line 
and year means, are subject to poBsible confounding influences 
from lines and years as a result of unequal subclass numbers. 
An examination of Table 2 will shov; that out of 375 possible 
line-ytar cells only 146 h<?.d entries. In these cells numbers 
of rarailies varied from one to 41. Family size varied from 
three to 84. The application of the ordinary type of analysis 
Table 8a. Analysis of covariance of brooder mortality in inbred lines 















Total 133 61757.29 15478 .1 25501.82 21622.58^  132 
Between lines 24 47752.76 10319 .3 6996.94 
Within lines 109 14004.53 5158 .8 18504.88 16604.55 108 153.74 
For test of significance of adjusted line means 5018.03 24 209.08 
(a)sy2 = (Sxy)^ F = 20S.08/153.74 = 1.360 
Sx2 
Table Bb. Analysis of differences among line regressions 
Errors of estimate 
Degrees of Sum of Mean 
Source of variation freedom squares square F 
Deviations from average 
regression within lines 108 16604.55 
Deviations from individual 
line regressions 84 13119.28 156.18 
Differences araoxig line regressions 24 3485.27 145.22 .930 
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Table 9. Individual Inbred line regrooolonf? 
of mortality on Inbreeding 
Brooder Range Laylng-houoe 
Line period period period 
2.36 2.89 0-66 
3 0.67 1.07 0.24 
4 1.20 1.00 0.98 
5 0.76 0.78 1.05 
7 0.50 0.69 1.14 
8 -0.79 0.88 -0.76 
9 -0.33 -0.06 0.62 
11 0.95 1.67 0.80 
12 0.36 0.59 0,31 
14 0.35 0.01 0.87 
16 0.17 0.18 0.97 
17 0.73 0.73 0 .19 
18 0.56 1.32 2.21 
19 -1.40 0.99 0.78 
20 0.43 0.44 1.10 
21 0.45 0.85 0.13 
22 0.14 0.22 0.31 
23 0.23 0.71 0 .46 
24 0.23 -0.07 0.45 
'^ .5 0.19 0.71 3 .22 
26 0.47 2.87 -2.37 
27 0.53 -2.49 2.63 
30 1.38 3.28 -2.61 
31 0.88 1.01 1.81 
32 -0.49 0.31 -0.87 
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Table 10. General regressions and average intra-line 
regressions of mortality on inbreedlnfj,, 









G-eneral 0.25 0.05 
Brooder 
Av. intra-line 0.37 0.10 
General 0.20 0.06 
Range 
Av. intra-line 0.62 0.12 
General 0.35 0.07 
Laying-house 
Av. inliro-line 0.64 0.16 
Figure 4- Specific line regressions - brooder mortality 
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Figure 5. Specific line regressions range mortality 
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Figure 6. Specific line regressions - laying-house mortality 
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of varionoe to such data Ib not valid. A method for dealing 
with d&to. of unequal suhclanpi numbero was proposed by Yates 
(19.'34) and extended by Haf.el (1946) to covnriance analynin. 
Henderson (1946) and Stephenson (191-9) need this metnod for 
the analyalB of BV.-ine and poultry data, respeotively. Nunier-
ical examples, under the heading of "The Method of Fitting 
Constanto" have been p;iven by Snedecor (1946) and Snedecor 
and Cox (19:55). The method is a Gpeoial cape of the ?-eneral 
principle of leost squ- res. The derivation of formulf5e and 
theory have been dealt with by both Henderson nnd 8te])hen-
aon, and will not be ooverr-^d in rletail here. Plcine elucida­
tion of the method in in orrler, however. 
The mathetna.tlcal model 
The following linear model represents one possible 
description of the hereditary and environmental effects 
influencing mortality; 
+ li + yj + lyij + Pijkb(MF)ijji^ + 
v;hero: 
/X = the mean mortality of the population 
Ij^ = the deviation of line 1 from /i 
yj = the deviation of yesr J from 
lyj_j = the deviation of li + yj due to the opecl-
flc combination of the 1th line and the J_th year 
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= regression coefficient of mortality on the 
inbreeding coefficient of the kth family of 
the ^ th line and the j_th yeer 
Fijj^ = inbreeding coefficient of the kth family of 
the ^ th line and the yeer 
~ niortallty rate for the kth family of the _ith 
line and the J_th year 
and = individual error term, or the fsmount of mor­
tality not accounted for /j. , li, yj, lyij> 
and b(MP)3_jv-
For convenience b will be uoed for 
By transpoGlng the above equation we obtain: 
-eijk = ^  li + yj + lyij 4- Fiji^b -
&quarin{5 this expronsion we obtain: 
^IJk li + yj lyij + ®'ljk^ - ^^IJk 
= /< 2 ^  if + y2 (lyij)2 4. + Kifjk 
+ 2|2<li + y u y ^  4- l^yij 4- /^ B'ljkb ~ 
+ liyj + lilyij -i' lii'ijk^ - li^^ljk 
•i" yjlyij f- yjFijj^b - yjMijk 
+ lyijf'ijkb - lyij^ i^ijk 
Taking partial derivatlveG of this equation with respect to 
the v&rious parameters produces a set of equations yielding 
parameters yhich make the error sura of squares a minimum. 
U«ing the notation of Yatea (l9o4), the replacement of 
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a subscript "by a dot indicates the sum over all classes of 
the subscript replaced. Continuing the i, j, f^.nd k flub-
Bcripts to desltjnate lines, years, and families, respectively, 
nij . refers to the number of families in line 1 and yet-r j . 
Similarly n^.. refers to all families in line 1 suinmed over 
all years, refers to all families in year j summed over 
all llnciS, and n... is the grand total, or the sum of all 
families suuirned over all lines ,?nd years. The same notr:tion 
would apply to inbreedinj.^ and mortality. Fi.. means the sum 
of the inbreeding coefficients for all iiidiviauals in line i 
suramed over all years, and M.j. the aura of all mortality in 
year J, summed over all lines. Traking the partial derivative 
with respect to /a and puttln^j this equal to aero gives, for 
ati iridlvldual: 
1^ + yj ly^j = 0. 
Summint:; for all individuals this gives: 
n.../<+ ni..li + n.j.yj + n^j.lyij h- F...b - M... « 0, 
and transposing; 
n.. •<- ni. .li -H n.j .yj + nij .ly^j -t- F.. .b = M... 
For line i the equation is; 
I'll-.^ i + i^ ij.yj ^  '^ ij.lyij + f'i..t3 = Mi.., 
EUTid for year j: 
n.j./^  + nij.li + + "ij.lyij + 
For tiie general regreeaion b the equation beconiea; 
F...//+ Fi..li +• F.j.yj + Fij.lyij t jic-
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For Q pertioular line the sum of plus the line ppraraeter, 
yearly pc^ramettrs, interaction parameters arid inbreedinj;; 
effect will i^iive the oivpectia summed mortality Tor the line. 
Pararaebbr eytira&.tes from such equations, ub shuwn by the cal­
culus, yield the leyst sum of squarsa for error-
The number of equations to be solved can be r-jduoed o.nd 
tiie equations made independent by ylaoiiig two restrio liioniLi on 
thera. ;jinoe the line effect is exproBfied as a deviation from 
the mc-Gn and cuth appear in the linear model description 
of any individual, the liiean and the deviation may be combined 
ae one value, and eliminated, usin^-; the equation; 
li = ^  -i" li ' 
Thus, \ \ i e  have: 
"i . + "i . . li == "i . .'^ i • 
After the estimabes of the'Ti parameters have been determined, 
the estimates of the^ and 1^ parametera may bo recovered by 
the equation; 
number of linos ' 
and 
li - = lj_ • 
The sum o.t the li equals zero. 
The other restriction, independent of normal equations, 
is that: 
5>J = 0, 
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or 
y-i + y5 + yi8 = 
V.'hen t;hlG is tranapoaed, 
yi8 = - ^ 4 - ys - - yi7 • 
Thus the y]_Q equation can be deleted ai:d the value of can 
be obt&ined in terifiB of other yecrly deviations. This makes 
it V'ossible to solve directly for all yearly parameters, and 
yiu insy be obtcoined by substituting in the last equation 
above. 
In the precent study, after raducintj the number of equa­
tions, there still rcin>ilned 14 equations for years, 26 for 
lines, arid one for regression, giving a total of 40. The 
ordinary algebraic method of eliminating^ one variable at a 
tliue ivould require about 800 equations. An error at any point 
ivould produce errors in all subsequent equations, ivith no 
opportunity to checi: until the elimination of variables was', 
eowplc to. 
AbBorption of a sot of equation8 
y.ate8 (1934) 8hov;ed hoxir one set of equations could be 
absorbed into caioth^.r not, thus making it possible to reduce 
the total number of equations to be solved and thereby saving 
conoiaarable computational effort. To illuGtrate the method, 
Tables 11 and 12 show an eAauiple of throe lines, tvjo years, 
Table 11. Normal euuatlonB to Illustrate the abaorptioxi 
of a set of coeffloients 
Parameter eBtiinatea 
ll 1 Q I3 yi b 
a^i r'1. : : ''1. 
'•^ 21 Fo • Mo Uj • 
<^ 3. '••^ 01 F;3. : : M3. 
nil "Cl liJl '^.1 : ^^1 
-'i. 2 i'\2 : 
I'^ l. F.l f'.2 li'ijk • 
Table 12. Data for the absorption of a set of equations 
Yearly parameter estimates 
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and one regression. The hieadingG In Table 11 shov/ the para-
raeters sought. The n'a in the body of the table are the 
coefficieato of the corresponding parameters indicr.Lod by 
the coliuiui headings. Meo taken na rowc, those n'b i-ith 
their perametera ropreseut the normal aquations roaultinc 
irom takini^!, partial dsrivatives v;ith refpeot to the loading 
term, tJie coefl'lcient of which iE on ;>ho di&i;j,onal. Tue :jub-
r.cripta of the coefficients? ,?re 3a previously indicated, 
vath the firvSt clit.^it reprenentin,^ the lino and the Gccoiid 
the year. Thun, 1g the number ot Irjaividuals in line 1 
and year 1; n-j^g numoer in line 1 and year 2; n;i_. 
de55i{;iaato3 line 1 riurui.'ied over all y^ :: "rH; n.2 designates year 
2 !3ummed over all linoe; and rei'erT to the i^rand total. 
The aaine Gyiiteta appliess to mortality (M) , v/hile the subscripts 
Tor lnbreedin{^ ' (F) indicate the auiii oi" the inbreedinti' coefl'i-
cionts for the iridivlduals ou.nined. 
Taking' the firat equation in Table 11 and Joining each 
ooefriciont with ita pararuoter we have: 
^^ 1.'^  '^ ll<y"i '• '^1.^  '^'1. • 
Transpoflints aiid uividirii^, v/e ^-et: 
"1. 
or 
+ "iHy?2 ^  
 ^~ "1. "1. "1. ni. 
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These expressions can be substituted in the equations with 
years as the leading terin, so that the normal equations with 
line parameters as leading terms can be eliminated. 
The equation with signs changed becomes: 
" "^ lA " "21^ 2 ~ "31^ 5 ~ ".1^ 1 - F.ib = - M.i . 
Substituting the line expressions derived above vje get: 





2^2y2 .. Fp b . ^ 2^T1 
"2. i^2j 
3^2y2 ... . %: 
n3. "3. n3^ 
- F.ib n.iYi - = - K.i 
Similarly, the yg normal equation becomes: 
"IE 
Lni. 
4- 1^2y2 a. Fi.b ^  Ml. 
hi. ni. nij 
. J^ 22y2 '^27 
"2. "2. ^^ 2., 
["Siyi ^  ^ 13272 . MsTi _ 
"3. "5. nsj 
".2^ 2 - P'.2^  = - M.2 > 
and the regression normal equation becomes: 
Ft + "12^2 ^1.^  . %TI .J. 
1* Lni. ni. ni. nij 
Fp 4- "22y2 ^  "^2.^  . JfgT]- ^  
L"2. >^2. ^2. ngj 
F- + "52y2 . 3^.^  5^7\ 
L"3. "3. n3. nsj 
'^.lyi - ^ .2y2 " y ^ijk%jk 
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The only portions of the normal equationc ehovm in Table 11 
needed Tor the absorption process are shown outside the paren­
theses in Table 12. The equQ.tions at the bottom of Table 12 
are simply the normal yearly equations of Table 11 v;ith the 
line parameters and coefficients deleted and signs reversed. 
The three sets of values in front of the parentheses are the 
same as the coefficients for y^^, y2> and b in the line equa­
tions of Table 11. The ratios within the parentheses of the 
equations where substitutions were made for line values are 
exactly the same in all equations and are shown within the 
parentheses of Table 12. In actual practice the ratios are 
used aa decimals and the values before the parentheses are 
used as integers. 
Table 12 is used systematically for the absorption of 
the line equations into the yearly and regression equations. 
The process is to multiply the Integer of the column cor­
responding to the absorbing equation by the ratio in the 
coluimi correspondinf^ to the coefficient desired, then adding 
algebraically the products and the coefficients at the bot­
tom of the ratio column. Thus, the new coefficient for 
in the y^^ equation is; 
Oil = nil(^) - "21 - "31 - n.l • 
The new coefficient for y2 in the y^ equation is: 
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= "11 - "21 - "31 • 
The nev; coefficient for b in the equation la: 
The nevi coefficient for the right hand terra of equation y]_ is; 
Ml . nii - M.i • 
Snedecor (1946) and Snedecor and Cox (1935) give numerical 
examples of the method. 
The equations after absorption are symmetric. The accu­
racy of absorption may be checked by summing algebraically 
the coefficients in rows, columns, and right hand terms. 
Their sums should be zero if the restriction is placed on 
the parameters that their sum should be aero. The sum of 
the coefficients for inbreeding is not necessarily zero 
unless inbreeding is expressed as a deviation from the mean, 
in which case the sum of the new coefficients for inbreeding 
should be zero i 
The symmetric equations after absorption are not inde­
pendent and cannot be solved without placing restrictions 
on them. The restriction that yearly parameters must be 
zero is applied by deleting one yearly equation end subtract­
ing the column of coefficients for th/^t year from the oooffi-
cients in the other columns of the remaining yearly equations. 
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In this form the equations may be solved. 
V/here the desired ptirajneterg Included line-yeo.r inter­
action, calculation viaB simplified by combining the effects 
of ^  + IjL -h yj + lyij into a oingle? term Tyij • The sum of 
the inbreeding coefficients (F) and mortality (M); as v;ell 
aa the number of individuals in each year-line cell, were 
available from summaries taiien from punched cards. The 
absorption of the values where each equation involved 
only "Ty, F, and M was simplified and could be carried on 
systematically. The normal equations are shown in Table 13. 
Table 13. Normal equations to illustrate the absorption 
of a set of coefficienta - line-year 
interaction into regressions 
Parameter estimates 
lyii iyi2 iy2i 2^2 '^ 31 ^^ 32 












M 31 F3I • 
"32 3^2 •• 3^2 
^32 S'lJk 
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Tait-iUji' the first equation in Table 13 and joining each 
coeiTlcient with its perameter, T-.'e have 
"11 '^ ll ^  ^ 11^  = 1^1 • 
Transposing and dividing, v.'e get 
^ . »U -
"11 
or 
11 " "11 
""v -
^11 ~ iiTT n 
thus expressing the lyj_j parameter with the parameters of 
inbreeding, regression, and mortality. 
Similarly, tor all remaining equations vjith^i^^j as a 
leading term; 
Mn p F-1 pb 
+ lyi2 = 
ni2 ni2 
H- ly-ag = ^ 32 - £32^  . 
"32 "32 
Substituting these expressions in the equation with regres­
sion as the leading term we obtain; 
p.,/%1 p. A21 2^1^  ^
( "11 "11/ ^ ( "12 "12/ ( "21 "21 
FgP ~ + F31 ^ Fgp 
"^ ^^ "^22 "22/ *^ -^ "^31 "31/ \n32 "32/ 
Li. 
Grouping like terms we get; 
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b 
By similar procenses bhe rogresslonc for (lj_, b) and (yj, b) 
vjere found. 
Iterative solution of simultaneous equations 
Even after absorbing the line equations and reducing 
the total number there remained 15 simultaneous equations to 
be solved. By usual algebraic methocls this would require 
the solution of about 120 equations. Any errors made vjould 
not only make subsequent solutions wrong, but also there 
v/ould be no chance to check for errors until all equations 
were solved. Therefore, the ordinary algebraic procedure 
was not adaptable to the problem at haiid. 
The iterative method is useful in the solution of siinul-
tant3ous equations derived from data usually encountered in 
studies of this type where least squares procedures are used. 
These equations usually have one outstanding' coefficient for 
the parameter which is to be determined. Using Henderson's 
(1948) terminology except for the right hand term, the follow-
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The a's are the parameters to be estimated. In the present 
study the a'b represent the yearly effects plus the general 
inbreeding regression effect. The coefficients on the 
aiagonal cg^) Cpp) are usually much 
larger than those off the diagonal. Thus, the diagonal 
coefficients and the right hand term have greater influence 
in determiniug parameter estimates. In initiating the 
iterative process the first estimates are made by asauming 
that all parameters in an equation are zero except the one 
corresponding to the diagonal coefficient. By this asaurap-
tion the first estimates of the aj are: 
vV V V  ^
a;L = El—) b.2 = a* =» , and'^ « . 
°11 C22 cij Cpp 
Succeeding estimates are: 
E, 1 
ai = ^  (Ml - . 
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clfj /J = —i— (M'-? ~ ~ ^  r  Cpiai) , 0^2 Jpifii J 
Jc+l/ 1 / 
1 r,. .  ^^ V, S^ = ^ i^'^ 8 -x^ C^ejaj -:2^  Cgjaj) , 
Bs J^a+1 
in which o la any J leas than or equal to p. If the procesR 
is continued until aj = aj, the solutions are obtained. 
The process can be adapted for use v;ith a calculating machine, 
'i'he parr^meter estimates obtained by the process yield the 
smallest ineaii square for error. The technique of absorption 
and iterative solution x\;as used to estimate the sots of para­
meters (ij, yj, b) and(l^, yj). 
Reduction of sum of squares due 
to estitnatinf:^: parameters 
The reduction of sura of squares due to estimating a set 
of parameters may be obtained from the sum of products of 
parameter estimates by the ri^iht haiid terms of the normal 
equations for v/hich the parameters are leading terms. Proof 
has been given by Henderson (1948) and Stephenson (1949). A 
numerical example has been presented by Snedecor and Cox (1935). 
the reduction in sura of squares due to estimating a parti­
cular parameter may be found from the difference between the 
reduction due to estimating a set including all parameters 
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and a set including all but the one parameter under consider­
ation. Thus, the reduction due to regreseion is given by the 
difference 
yj, ^ ij) - R(^i» yj) 
and may be tested for significance by the F test. 
To obtain the reduction of sum of squares due to ectimat-
ing line, year, and regression effects R("li, yj, b), as in 
the illustration shown in Table 11, it is necessary, after 
finding yeeir and regreseion effects by iterative methods in 
the equations after absorption, to calculate the line cffects 
before calculating the products of line parameter estimates 
and the right hand terms of the normal equations with lines 
as leading terms. As an example, the reduction of sum of 
squares for the illustration in Table 11 would be obtained 
from the equation 
Rtfl, yj, b) - lirfii. + + 
ygxM.a + bpijAjt . 
while iterative solution of the equations obtained after 
absorption does not include the line terms, since the process 
of absorption eliminated line parameters. 
An examination of the computational procedures shows 
that, unless the line values themselves are wanted, the re­
duction of sum of squares due to estimating line, year, and 
regression effects can be obtained without direct estimation 
01' 11 n (J p r aru u t 'i r r>. 
Usliiij, 1:10 uouaLlun oi' 'iivbleG 11 and 1£, is ontiniatcd 
I'roiii 
i; = !!ii. - '^^ 11^ 1 _ . 
>^1. "1. ^1. 
The rir-st rl|j;ht hand te rra of the reduction -r^quatlon R(li, yj, 
b) is egtlmated from 
TM - !1L. - ^ I^'^ ll'"^ ! _ '^^ 1 .^ 12^ 2 _ 1^.^ 1.^  
^ . ni. ni. ' 
Similarly, the second and third rie;ht hand terms in the reduc­
tion equation are estimated from 
== - 2^-*^ 21^ 1 _ ^^2.^22^2 _ 
L (2 • ifip ' 
' (w« (C.» 
and 
T M - '-'a-"51^ 1 "5."32^ 8 '^ 3.^ 5.'^  
ri;3. "3. ^^ 3. 
The remaining three right hand terms in the reduction equation 
do not need expansion, since only line psrametera v;ere eli­
minated in the absorption. When the right hand terms of the 
reduction equation are summed, using the expended estimates 
for the first three terms, and the terms containing y]_, yg, 
and b are collected, the resulting coefficients are equal to 
those for right hand terms of equations obtained after the 
absorption process. As an example, the coefficient of y^  ^ in 
the reduction equation is; 
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_  ^ -'^ 21 .^3.^ "^ 51 _ J,,} 
1^. "^ 2. "3. 'ij ' 
v/1'iich, except for sign, is exactly the name oa the coeffi-
olent for the right hand term of the equation y;j_ after 
absorption. The only right hand terms in the reduction 
equation th':'t are not found in the sum of products of para­
meters yj_ and b by the coefficients of right hand terms of 
M*' tht'lr respective equations after absorption sre the _i terms, 
vjhich can be calculated froivi values found in the norniRl eoua-
1,2 
tions. Thus, the sum of the i^i terms minu£j the sum of prod-
^i 
ucts of year and regression parameter estimates by the cor­
responding right hand term coefficients after absorption of 
line equations yields the reduction of sura of squares due to 
fitting parameters, H(l^, yj, b), without the necessity of 
estimating individual line parameters. 
Similarly, the reductions in sura of squares due to fit­
ting other sets of parameters, such as H(Tyi^, "b), H(T^, b), 
R(yj, b), and rCT^, yj)j can be calculated by multiplying 
the coefficients of the right hand terms after absorption by 
the parameter estimated, summing, and subtracting the aura 
from the appropriate suiFimation of ~. 
Values of regressions and the reductions of sum of 
squares due to fitting parameters are shown in Table 14. 
71 
Table 14. HegresBlons and reductions in sumQ of 
oquares due to fitting pj'rametora 
P&i'arneterE P.egresslun 
Reduction in 
sum of squares 
lyij. b 
tu yj, b 
li, yj 
~i, b 
y  b 
lyij, b 










0.33 + .04 
0.12 
0.33 .02 
0.19 + .01 
Renp-;e mortality 
0.16 + .05 
0.15 























In order to find the appropriate error mean square 
for tecting the reduction of sum of squares due to fitting 
£>. sing-le parameter a sum of squares for total was needed. 
Since mortality is an all-or-none chr^racterirtic, it is 
possible to deteriKine the sum of squaree for total at? bi­
nomial variance. Cochrpn (1945) dircussed the oharacter-
istics of binomial variai'ioe aiid the application to analysis 
of data. To arrive at an estimate of the proportion of bi­
nomial variance, the data were Banipled systorni-tically, using 
five equally spaced samples within each of l-'5 ye-^rs. The 
percentageB of binomial vari&nce obtained v;ere 64 per cent 
for brooder mortality, 91 per cent for range mortality, and 
99 per cent for laying-house mortality. Cochran has indi­
cated that with these percentages as high as these, binomial 
weit'jhting of the data would be efficient. Equal weiij;htin2 
of the data would jilve lower efficiencies in every case. 
By usiuii binomial v^eightlng, the total sum of squares is 
determined by the ratio 
(birds dead) x (total bii-ds - birds dead) 
total birds 
These ratios yielded the following sums of squares for total 
for the three mortality periods: 
Brooder moi-'tality 5018.4446 
Range mortality 1716.4946 
Laying-house mortality 1838.3696 
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With these values and the reductions shown in Table 14 
individual pararaett-jrs v/ere tec.ted r.gnlnct the null hj'pothesis 
by deteruiinint:; the Rignific&nce of the reduction of sura of 
squares due to fitting these parameters. 
To test the hypothesis thnt line-year interaction for 
brooder mortality was z.ero, the error (rier:n square was first 
determined. Ney.t the reduction of sum of oqur-rcc duo to fit-
tiii(£: line-year interaction -vjas determined snd the inocn gquore 
calouluted. The computations are shovm belovj. 
Source of Degrees of Ruin of Mean 
variation freedom squares square F' 
Total 30577 5018.4446 
122 1738.4B?^ G 
30455 3219.9627 .1057 Krro r 
Rllyii.t)) 122 1798.4819 
H(Ti,yi,b) 40 1655.0904 
Rdyiji 82 142.3915 1.7364^^i^ 16.43 
The highly significant (P ^ .01) moan square for reduction due 
to fitting the line-year parameter indicates a definite inter­
action betvieen lines and years for brooder mortality. 
By the same methods three additional hypotheses were 
tested; that general ref/ression of mortality on inbreeding 
v;as zero; that line effects were zero; and that year effects 
were zero. 
Tests of all hypotheses were made for each of the mor­
tality periods. In every case the mean squares were highly 
significant (P^.Ol). The mean squares and degrees of free­
dom are shown in Table 15. 
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Table 15. Mean squares and degrees of freedorii uced 
In tooting hypothoMafi; line-ycnr 
interaction = 0; regression = 0; 
line effeota = 0; year 
efiocte = 0 
Error Degrees Parameter Degrees 
me.&.n of mean of 
Hypo theBOS square freedom square freedom 
Brooder mortality period 
Interaction = 0 .1057 50455 1.7364^ •^!^  82 
Regresjclon = 0 .1101 30537 2.4a84<''-'^  1 
Linos = 0 .1101 30537 6.6696<^ "'^  25 
Years = 0 .1101 30537 17.3768^ ^^  ^ 15 
RanR'G mortality periO' d 
Interaction = 0 .1039 10369 0. 5949-ifr<^  02 
Regression « 0 .1078 10451 1.6678^ <^'- 1 
Lines « 0 .1078 10451 1.0559'^  •• 25 
Years = 0 .10763 10451 7 .53 69 15 
Layinc!:-house i mortality period 
Interaction =s 0 .0263 7310 0.52B9"^ -«- 82 
Regreaaion -: 0 .0183 7400 3.4870'i>--^  1 
Lines 0 .0183 7400 3 .4922-:^ '- 25 
Years = 0 .0183 7400 4.7140^ :-'^  15 
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Regression of total mortality on Inbreeding 
From the Intra-perlod regresBlona it is novj possible to 
determine the regression of total mortality on inbreeding. 
Total regression is: 
where B, R, and L are the estimated regressions corresponding 
to the brooder, range, and laying-house periods, respectively. 
When estimates of intra-period regressions obtained by Method 
III are substituted in this equation the regression of total 
mortality on inbreeding is 0.55. This would mean that total 
mortality v/ould be expected to increase 55 per cent in an 
inbred line which has reached, theoretically, 100 per cent 
inbreeding. When "normal" mortality due to other causes is 
talcen into account the equation for total mortality becomes: 
where and are the "normal" mortalities for the 
brooder, range, and laying-house periods, respectively. 
Based on the above formula, the effect of inbreeding on 
total viability is shown in Figure 7. Non-inbred mortality 
was estimated from Iowa demonstration flock records (Whit­
field, 1954). Records of the past two years indicate 5 per 
cent brooder mortality, 4 per cent range mortality, and 26 
per cent laying-house mortality among non-inbred Leghorns. 
The graphs shov; that the poultry raiser with non-inbreds can 
Tt = 1 - [Tl-B)(l-Mt,)(l-R)(l-Mr)(l-L)(l-Mi^ , 
Figure 7. Influence of inbreeding on viability 
P E R C E N T  V I A B I L I T Y  
ci9i 
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expect, on the average, to have 67 surviving pullets at the 
end of the laying year from 100 pullet chicks started. In a 
flock averaging 50 per cent inbreeding, only 47 survivors 
can be expected. At 100 per cent inbreeding the expectation 
would be 30 survivors. 
Standard errors of regressions 
Henderson (1948) and Stephenson (1949) have shown that 
the standard error of estiraoted regression, in cases where 
absorption of equations results in one equation, can be 
found rather simply. The error variance for the appropriate 
reduction in sum of squares is divided by the coefficient 
of b. The square root of the resulting value yields the 
standard error of the regression coefficient. 
In the case of the regression estimated by absorbing 
equations for'lyij ^ brooder mortality, the final 
equation after absorption was; 
59.7942 5 = +19.48 
b = +0.32578 . 
The error variance for the reduction Rdy^j, b) was .1057. 
From these values the standard error was found: 
3.E. = / = .0420 . 
y 59.7942 
The values of the standard errors calculated by this method 
are shown in Table 14. 
78 
Estimateci line effects 
Wh.i5.e the reductions due to fitting parameters v/ere cal­
culated without first recovering line values, the were 
subsequently calculated by the method shown above, and line-
year subclass values v/ere found by the same method. 
Ihe values obtained are shovm in Tables 16 through 19, in­
clusive. 
Several negative values wore founr],. Observed values of 
mortality may vary from 0 to 100 per cent and are never nega­
tive, but some possible explanations of the negative calcu­
lated values may be advanced. One explanation might be that 
the negative values represent sampling errors- Another pos­
sibility is that the negative values resulted from the use 
of a gentiral regression which varied from the individual line 
regression. For example, line 25 shovjs a value of -4.4 for 
brooder mortality R(li,, b) in Table 16. This value was cal­
culated by dividing the 371, representing dead birds, by 
3172, the number of birds started, then subtracting the prod­
uct of general regression (.3328) and the average per cent 
Inbreeding of the line (46.33), thus: 
- 48,33 X .3328 = -4.4 . 
When the same operation was performed, using the smaller 
individual line regression (.19) shown in Table 9, a positive 
Table 16. Least squares estimates of l^^ with different sets of parameters 
Brooder Range Laying-house 
mortality period mortality period mortality p eriod 
R(ri,yj,b) R(li,b) R(ri,b) R(ii,yj,fe) R(Ti,b) 
Line li ^i ll li ^i 
1 24.0 -5.6 12.9 -2.0 56.8 60.0 
3 18.2 —2.9 20.2 6.5 48.4 57.3 
4 14.9 0.0 17.5 17.1 43.1 61.6 
5 4.8 0.8 8.4 7.2 37.7 33.9 
7 21.1 -4.1 22.3 12.2 35.2 47.4 
8 23.0 10.2 4.7 2.4 40.4 62.2 
9 30.7 8.7 15.2 -2.3 59.7 54.9 
11 19.5 6.9 7.7 6.4 34.9 56.7 
12 20.1 11.2 10.2 10.9 32.7 50.3 
14 16.4 14.3 25.6 25.2 40.3 34.7 
16 21.7 17.7 12.2 14.0 32.8 46.9 
17 2.9 -3.4 8.0 6.2 32.8 34.6 
18 20.6 6.2 20.8 25.1 32.8 48.6 
19 (c)l • 13.2 8.5 6.9 25.8 27.1 
20 14.7 10.0 8.5 11.9 22.2 28.6 
21 9.6 10.2 8.2 7.5 30.9 25.7 
22 7.6 13.2 7.1 15.2 32.9 29.3 
2-3 2.8 6.2 13.2 9.7 39.3 33.0 
24 9.6 7.2 17.5 21.6 33.9 34.4 
25 -0.7 -4.4 7.7 10.9 25-0 26.1 
Table 16. (Continued) 
Brooder Rang-a Laying-house 
mortality period mortality period mortality period 
H(lX,yj,'b) H(Ti,b) R(fi,b) 
Line 
^1 H ^i l^ i 
26 13.4 9.0 19.2 18.2 29.5 22.9 
27 13.9 8.4 15.8 28.0 35.8 47.9 
30 5.6 0.5 5.8 -2.5 25.8 25.4 
31 0.5 2*4 12.6 12.2 34.2 28.6 
32 8.2 13.5 13.5 9.7 27.6 21.5 
b 0.12 0. o3 0.15 0 .22 0.28 0.17 



















Table 17. Estimates of lyj_4 with General rei 
for brooder mortality period 
1933 193^ 1- 1935 1936 1937 1938 1939 19'•^ 0 19V; 
-11.9 -11.6 27.3 
-10,5 -12.3 03.6 
-10.7 03.1 0M-.7 









-06.2 03.2 01.2 
-11.3 -09.8 2l-i-,2 
-10.3 -07.7 17.2 
-02.0 -02.5 19.V 
-03.3 35.7 





13.2 32.2 21. 
05.9 -00.8 20, 
09.3 -01. If O^t-, 
Oil-Jl-
-03.9 -00. 
20.0 01.2 08. 
07.6 -03.6 19. 






.tes of with coneral rogrGSsion coefficient b 
'or brooder'mortality period; b " 0.33 t 0.0^ + 
1938 1939 19'i-0 19^ -1 19'+2 19^ -3 19'4I- l9l^ -5 1914-7 
32.^  
01.2 -0J;.3 01.1 05.9 08.6 -16.6 55.3 
2^ 1-. 2 -01.6 
17.2 13.2 32.2 21.^  
19.05.9 -00.8 20.9 36.1 27.7 
3!)'.7 09.3 -01.if 0^ .7 1^ K3 
OhJy -03.9 -00.6 06. ^ -07. b' 
20.0 01.2 08.9 
07.6 -03.6 19.9 36.9 02.1 
-06.1-1- -06.9 01,7 -07.5-I- -08.5 
l^-i+.3 02.2 27.6 15h-.5 
03.3 06.7 1^ 1-, 2 06.9 
11.5 18.1 0^ '.3 






-01,5 12.1 03.9 -02.5^  
158.0 13.8 
-02.^  
-10.7 05.7 -07.1 
17.0 -00.2 13.6 —02.6 




-03.0 31.8 -OO.i^ l-
05.6 
-07.2 08.3 Ol+.l 
18.7 00.^  18,0 
26.1 01.9 2^ .3 -05,5 
12.5 -01.2 12.3 12.7 
09.3 
-07.3 13.1 00.6 
0M> 2 -02.6 21.^ 1-
-10.5 
























Table l8. Estimates of ly-j^  ^ with general regrc 
for range mortality period; b 









00.0 15.3 07.6 62.2 
11.9 26.2 
05.1 39.0 17.9 
0I+.5 02.7 
-01.3 16.5 28.5 23.2 
0^ -.9 03.9 02.0 1^ .0 
17.^  
05.8 




































of ly^ -j with general regression coefficient b 
range mortality period; b ~ O.ll; +-0,05 
1938 1939 19^^•0 19^1-1 19^H2 19^3 I9M+ 19^+5 19^ 19^7 
62.2 
23.2 02,9 32.2 ^3.9 32.8 20.1 —11.9 
1^1-. 0 13.7 
1^1-. 1 02.3 6k. 7 55.7 
h^ .l 11-1-.7 -00.2 12.h 36.6 20,8 11.5 
30.2 01.1 21.0 31 • 1 00.7 
00,1-i- 10.1 28.1 10.1 20.5+ 16.9 •
 
CO 0
 1 03.^ 08.0 
01.2 33.0 35.^+ 
05.8 06,5 2^1-. 7 36.7 18. 5H- -06.1+ -O6.8 
16.1 03.3 IbM 3'+. 2 07.1 09.1 09.2 -08.3 23.9 
13.9 03.0 25.6 23.:? 11.2 -12,3 3^.7 06.2 
25.3 hPu7 19.1 23.3 33.7 -08. ^  00,.6 11.2 
26. 17.2 10.^1- 08.6 
if 0.8 3^+. 6 19.1 13.6 
^0.3 05.8 08.6 25.6 06.1 -09.8 
00.0 10. 05.1 32.0 11,0 
22,1 k7.0 0M-.6 -07.1 
01.8 15.0 -06,^ 17.9 00,2 
05.0 17.^- -02.7 19.0 3^1-. 6 
13.0 -03.6 ^h8.6 ^2,8 
02.6 -08.3 51.0 -02,1 


























Table 19* Estlraateg of ly^-t A-Jith general reeressii 
for laying-hoase mortality; b ^0,21 
1933 193^ - 1935 1936 1937 1938. 1939 19^ (-0 19^ -1 19^  
50,6 1^-6.8 '82.9 71.0 70,5 82.3 
^•1,8 35.9 66.6 75.2 
0^ 1-. 9 27.8 it-8,0 7^ 1-.6 65 ,k  
31.3 53.9 7S,k 76.0 
55.3 77.1 55.1 3^ .1 H6.0 h^9.6 59.3 ^^ 7 
57.5 76.1 ^f7.0 70.2 3^}'. 5 
33.0 65.7 37.5 69.3 ^1-5.0 05.8 35.0 
58.1 k5,9 W.l 5^1-.1 14-8.0 1+1.9 ^^9.0 
38.0 50.3 '•i-S.O 5^i-.7 39.0 
50.3 55.3 50.6 
35.7 ^+0.2 69.1 
23,k 29.3 1^-2.3 






of ly.|_. with general regression coefficient b 
•Ing-hbtise mortality; b ^  0.21 ± 0,0k 
1939 19^ 0 19^ 1-1 19^ 2 19^ !-3 19^  19^ -5 19^ +6 19^ 1-7 
3!-t-.l ^!-6.0 1-1-9.6 
70.2 3^)-.5 
S9.3 ^t-5.0 Q5.Q 
5k, 1 1+8.0 1+1.9 







59.3 '+7.0 18.2 83.9 








































































value v/aB obtained: 
- 48.33 X .19 2.52 . 
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Thus, the negative value in this case was the result of using 
a general regression rather than an Individual line regres­
sion. It should be noted also that had the observed mortality 
been 5 per cent higher no negative value would have been 
obtained. 
Variance Components 
The highly significant values found for reduction of 
sum of squares due to fitting parameters for lines, years, 
and line-years raise a question as to their relative impor­
tance. This question can best be answered by estimating 
variance components. In data with unequal subclass numbers 
the amount of calculation would be very large in order to 
obtain best estimates of the variance components. A simple 
solution to the problem is to estimate variance components 
from a table of means. Accordingly, block samples of the 
data were analyzed using average values and considering 
interaction the error terra. 
Before presenting the results of this analysis it may 
be vjell to point out the assumptions underlying the variance 
component model and to distinguish this model from the 
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previous one used for estimating parameters. In either case 
the linear model assumed is: 
^ijk = li -t- yj + lyij + ©ijk • 
In estimating parameters lj_, yj, and lyij are assumed fixed. 
The error effects are assumed to have zero mean and 
2 
varlEinoe CTg* Also the e's are assumed to be normally dis­
tributed i f  tests o f  hypotheses, s u c h  a s  1 ^  ^  = z  o ,  
and lyij = 0 are to be made. In the variance component model 
the li, yj, lyij J and eijit each assumed to be random vari-
p o p  p  
ablea, with zero mean and variances <>'1. cTy, <r£y, and CTq* 
The problem is to obtain estimates of theae variances. 
The variance component analysis is straightfonward when 
all cells of the distribution are filled and subclass numbers 
are equal. By using average values of line-year subclasses 
in the control-corrected data and taking line x year blocks 
in which all cells wore filled three analyses of v&riance 
for each mortality period were made, from which components 
of variance \i/ere estimated. These analyses included one 
block of 4 lines x 5 years and two blocks of 5 lines x 5 
years each. There was some overlap in the blocks, but ten 
lines and 12 years were sampled. Since only lines existing 
five years or Ioniser as closed flocks were used the data may 
be biassed in favor of the more viable lines. This would 
tend to underestimate the variance for lines. All line-year 
subclasses were corrected for inbreeding prior to analysis. 
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The results are shown in Table 20. 
Examination of the table shows the year variance compo­
nent to be less than the interaction component in most cases. 
Line components were all much larger than the corresponding 
variance components for year or interaction. 








r-f /J I -
1 
Brooder mortality period 
1935-1959 4,8,11,12 49 189 501 839 5.8 22.5 71.6 
1939-1943 4,12,17,20, 25 87 neg 892 979 8.9 — 91.1 
194E-1946 17,25,19,24 ,5 101 neg 4037 4138 2.4 — 97.6 
Range mortality period 
1935-1939 4,8,11,12 103 25 899 1027 10.0 2.4 87.5 
1933-1943 4,12,17,20, 25 104 23 191 318 32.7 7.2 60.1 
194E-1946 17,25,19,24 ,5 105 75 595 775 13.5 9.7 76.S 
Laying-faouse mortality period 
1935-1939 4,8,11,12 104 96 2104 2304 4.5 4.2 91.3 
1939-1943 4,12,17,20, 25 313 30 3048 3391 9.2 0.9 89.9 
1942-1946 17,25,19,24 ,5 151 160 3280 3591 4.2 4.4 91.3 
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DISCUSSION 
Adequacy of Sample 
Generalizations from the results of this study depend 
on the adequacy of the sample in representing some specified 
population. In particular the sample consists of inbred 
lines within the VJhite Leghorn breed. ITie inbred lines were 
of wide geographic origin, coming from seven sources: Eng­
land, Idaho, Iowa, Massachusetts, Minnesota, New Jersey, and 
Oklahoma. Most of the lines were developed from the original 
Iowa stock in which inbreeding vms started in 1927. 
Comparison of Regression Coefficients 
Standard errors were calculated for each regression 
coefficient. All coefficients differed significantly from 
zero. Comparison of the regression coefficients obtained by 
different methods but within the same mortality periods 
showed no significant differences between Method II and 
Method III. When Method I and Method III were compared a 
significant difference was found in the laying-house period. 
The size of the standard errors indicated that Method III 
was more precise, but comparisons of regressions indicated 
that either Method II or Method III will give good 
08 
estimates of regression, 
Interjiretatlon of Effects 
When reductioiiP of sum of squares due to estimating 
parameters were obtained by Method III, reductions for lines, 
years, and line-year effects were all significant in each of 
the three periods. Line differences indicate genetic differ­
ences in viability among the Inbreds. Yearly differences 
vjere inevitable due to differences in disease conditions, 
management practices, feeding, weather, and other factors 
peculiar to each particular year. Perhaps most Important 
would be diaeaae exposure which would vary from year to year. 
The high mortality among non-lnbreds in 1938, for example, 
could be reflective of a specific infection found in the 
flock that year. The proximity of chicks to older birds 
may have varied from year to year, which may have Influenced 
early exposure to leucosis. Even though attampts v/ere made 
to keep management practices reasone.bly stable from year to 
year there is little question but that during the 15-year 
period studied conditions of management and feeding did 
change. 
Llne-ye&r interaction could result from variation be­
tween lines resistant to different specific diseases and 
varying exposure in different years. Other possible causes 
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of interaction variation mif^'ht be the random drift of unfixed 
ti'enes and mutant changes in host or pathogen. An increase 
in virulence resulting from mutation of an endemic pathogen 
could cause greatly increased mortality in a susceptible 
line, while a resistant line v^ould show slight change. 
Balance of Selection and Inbreeding 
Corns took and V/inters (1944) discussed the amount of in-
breedinti which vjould balance selection in swine. Itiey found 
that a selection differential of 1.12 for litter size would 
balajice an increase of 2.57 per cent in inbreeding, and that 
a selection differential of .13 in average daily gain would 
balance an Increase of 15.6 per cent in inbreeding. Stephen­
son (1949) estimated that the genetic improvement from 
selecting for egg production where the best 30 per cent of 
tlie individuals was saved for breeding flock replacement 
was not sufficient to overcome the depression effect of in­
breeding on egg production. He found that this intensity 
of individual selection would balance only id.2 per cent in­
crease In inbreeding. Family selection, using fcimlliea of 
size five, would balaiice a. £.8 per cent increase, while the 
best combination of individual and family selection would 
balance 4.^3 per cent. 
In practice, selection for viability would be 
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accompanlecl by ooricurrent selection for other characteris­
tics, such as egg production, egg size, shell quality, and 
hatchability. Intensity oT selection would be proportional 
to the number of progeny required to maintEin or increase 
the size of flock. Effective selection for viability would 
probably require family selection. 
The statistical relationships betvjeen the expected 
tienetic gain from selection and the depression on viability 
from inbreeding are described belo\\;. Genetic gain from 
selection may be expressed in terras of the heritabillty and 
the amount of selection practiced. If G represents genetic 
gain using family selection we have: 
G = h2 G. t (M - I) £7 . . O". 
where 
= heritabillty of individual differences 
W = family size 
r = relationship among individuals in a family 
— =1 seleotion differential in standard deviations for 
a 
a fraction, a, of the population saved, where z is 
the ordinate of the normal curve at the point of 
selection truncation 
(T' = standard deviation. 
If selections are baaed exclusively on full sib families, 
then r = .5 in a non-inbred population. Also since mortality 
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is an all-or-none trait the variance is binomial, oo that, 
v/here p = fraotion dead, and q = fraction alive. 
Thus, after some algebraic rearraiigement, 
G = h2 . M + 1 . a . , 
ysiJ -i- CN ~ 1) h^   ^ V ^  
The problem la to relate G to the loao in viability from 
inbreeding depression (D)• For the latter we have: 
D = RFq, 
where 
R a regression of mortality on inbreeding 
F = inbreeding coefficient as a decimal fraction 
q = expected or normal viability of non-inbreds. 
Then, 
1) ••= G, 
and substituting we have, 
RFq = h2 . N -h 1 . k . y/S , 
y2N [S + (N - l)hJ^  ® V N 
or, 
Loss from inbreeding = Gain from selection. 
The relative Importance of G and D is shovm in Figure 
8. The following conditions v/ere assumed; 
N = 10 =» family size 
h^  = .1 =« herltability of individual differences 
p = .2 or .5 = expected fraction of mortality in a non-
inbred population for the period 
Figure 8. Effects of inbreeding and selection on viability 
G E N E T I C  G A I N  O R  I N B R E E D I N G  D E P R E S S I O N -





R = .15 or .33 = regreaaion of mortality on inbreeding. 
Examination ol" the figure shows that inbreedinj^ dRpres-
aion increases with increase in R, F, or q. The increase 
is linear. Genctic j^ain fl'otn selection increases with in­
tensity of selection, a, and with p as it approaches .5. 
The increase is non-linear. Genetic >^ain would also increase 
either with increase in heritability, h^, or v;ith size of 
family, N. 
The dotted lines in the figure shov; the amount of in­
breeding' which would be counteracted by the genetic ;^ain 
from selecting the best 20 per cent (a = .2) of the popula­
tion. Under the conditions given here, this amount of selec­
tion v/ould offset about 10 per cent inbreeding when R = .33 
and p = .2, about 20 per cent inbreeding when R = .15 and 
p = .2. Likeivise, when p =s .5, then the corresponding 
amounts of inbreeding balanced by this selection intensity 
are 19 per cent and 38 per cent, respectively. As a second 
example, the graph also shows that when the best half of a 
flock is retained for breeding (a = .5) and if p = .5, about 
2 per cent increase in viability can be expected from selec­
tion (G = .0£). This would offset about 11 per cent Inbreed­
ing when R = .33 and p = .5, and about 21 per cent inbreeding 
when R = .15 and p = .5. 
To obtain a more complete solution to the problem it 
would be necessary to consider the contribution to the variance 
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of mortality from two separate sources, i-e., mortality from 
inbreeding depression and mortality from other sourceo. It 
is clear that the variance of mortality, ^ function 
of p; hence the variance vjould be at a maximum v;hen p •-= .5. 
Total mortality from all causes for a given period (brooder, 
range, or layin[;;-house) may be expressed as follov^fs: 
1 - [(1 - RF)(1 - p^ , 
where, 
p =s fraction dead from causes other than inbreeding. 
Correspondingly, total viability for the period would be 
{1 - RF)(1 - p). 
Then the standard deviation of total mortality for the period 
Vi'ould be 
/(I - RF)(1 - p) 0- - [1 - RF)(1 - pO /N . 
Since q = 1 - p the above expression can be simplified to 
yCp + qRF)(q - qRF)/N . 
Xt should be pointed out, therefore, that the results 
shown graphically in Figure 8 have not taken into account the 
secondary influence (inbreeding) on ruortallty. To do so 
would complicate the solution because the quantity F would 
occur in both the formula for G and the formula for D. In 
the I'ormer case F occurs in a quadratic form. Because of 
this, the simplest situation shown in Figure 8 was chosen to 
Illustrate the balance of inbreeding and selection. 
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Cost of Inbreeding 
If the regressions found by Method III in this study 
are combined with the estim&te of -0.19 for regrension of 
hatchability on inbreeding as reported by vJilson (1949) and 
tne estimate of -0.43 for ref^^rension of egg production on 
inbreedin;_i reported by Stephenson (1949), it is possible to 
estimate the cost of inbreeding poultry. Values for repro­
ductive performance and certain costs viere taken from the 
lov.'a Demonstration Flock Records (\vhitfleld, 19fy.l) and x'roni 
Botsford (1952)• Rearing cost per pullet for non-inbred 
Leghorns was estimated at ^;'1.50, e^g production r;:-.te was 
estimated at 55 per cent, feed per year per hen laying at 
55 per cent was estimated at 100 pounds, and laying-house 
mortality was taken as 26 per cent. From Botsford, who 
cited data collected mainly in Now York, labor costs were 
placed at :(.>U.52 per 100 hens per day, or C'.llG.SO per year. 
Housing costs were based on an investment of .^S5.00 per hen, 
with charges of 5 per cent interest 3nd 5 per cent deprecia­
tion, which amounted to C'50 per 100 hens per year. Taxes, 
insurance, supplies, etc. amounted to '24 per 100 hens jjer 
year. Labor requirements should be less with inbreds due 
to higher mortality, but savings from this cause would be 
negligible unless the number of birds exceeded 2000. All 
other costs would be fixed overhead, regardless of mortality 
96 
and product.!on. 
Hatchery costs, taken from Botsford, wero "1.46 per 100 
pullet chicks Tor Icbor, inGludin;:-: sexlng, and other costs 
43.80 per 100 pullut chicks. Hatchability of non-inbreds 
waB afisumcd to be 75 per cent. 
Since feed consumption v;ould vary v,iith egg production, 
the foad consumption of all birds was based on 15 pounds per 
year per pound of body weijjiht for maintenance, plus 1.5 
pounds per dozen produced. This formula estimates an­
nual feed consumption at 100 pounds for o 5-pound bird laying; 
at the rate of 55 per cent. 
Pullet depreciation includes the cost of laying-house 
mortality and the net loas in value of a pullet housed to 
the end of the laying year, at w)iioh time all surviving 
pullets would be marketed. Survivors v/ere valued at ftO.75 
each. 
Under these conditions, the performance and coat of in-
breds ere compared v;ith tlioae of non-inbreds in Table £1. 
Estimates given in the table show that the costs of inbreed­
ing chickena may be high. If the cost of producing one dozen 
non-inbred eggs is 66 cents, eggs would cost 97 cents from a 
flock at 50 per cent inbreedinp^, and -2.64 at 100 per cent 
inbreeding.^ Similarly, if the cost of producing a non-inbred 
Obviously a 100 per cent inbred line could never be 
obtained but is used here as a convenient end point for 
illustrative purposes. 
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Table 21. Estimated end chick costo for inbreds 
and non-inbreda 
Per cent inbreedln;:;; 
0 50 100 
Lay iu[i"-house purformanc e 
Pullets housed 100 100 100 
Per cent mortality 26 34 41.5 
Survivors 74 66 58.5 
Average number in flock 87 83 79 
Per cent egg production 55 34.5 12 
Eggs per hen per year 201 122 44 
Dozens per hen per year IG .75 10.20 3 .65 
Dozens per flock per year 1321 .6 843.8 289 .6 
Egg production costs per dozen 
CoBt of 100 pullets 
Cost of feed © l!,'0.05 
per pound 
Labor 





Cost per ej:5g 
H £110 h i n [ i p e r f o r m an c e 
Pur cent hatch 7o 65.5 56 
Egf^a per 100 pullet chicks 267 305 357 
Hatching costs per 100 pullet chicks 
Egii cost 14.66 24.5B 7B.57 
Labor 1.48 1.48 1.48 
Other costs 5.80 3.80 3.80 
Total 19.94 29.86 83.85 























pul3.et chiok is 20 cents, tVie eotiinated cost of produaln'^^ 
50 per cent Inbred chick: would bo 30 cents, and the cont of 
a 100 per cent Inbred chick would be 84 c(5nts. The increases 
in costs nre not linear with inbreeding. One might presume 
that the higher prices of commercial hybrid chickens sold 
today v^ould be reflective of the costs of inbreedin;^- shown 
in this table. 
Inbreeding and Susceptibility to Disease 
Inbred chickens exhibit many characteristics indicative 
of lowered metaboliBra, vhioh may be due to hypo thyroid!sra. 
Animals susceptible to bacterirl disease have certain 
physiological characteristics which have been found in con­
nection with lowered thyroid secretion. Associ.-ition of these 
tvjo sets of observations suggests thrt part of the increased 
mortality of inbrede may be due to traits associated wi 1",Vi 
susceptibility. 
Gharacterlstlos generally found among inbreds include 
low egg production, poor h^^tchability, slow hatching, smell 
size, poor ^Towth, and lov~' vi.Tbility. These characteristics 
are often found associr^ted with lowered met••boliam, , end 
could be indicative of thyroid deficiency. 
Uirect evidence of either lowered metabolism or thyroid 
deficiency among Inbreds is lackini/, but there is some 
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indirect evidence. Mixner and Upp (1947) found hif-iher 
thyroxine secretion in commercial hybrids thpn in the strain 
crosses that produced them, or in a non-inbred cross- The 
report does not indicate thnt pure strpln p'rents were tested. 
The results, however, suggest possible lowered thyroid secre­
tion aiaonti' inbreds. McCartney and Shaffner (1948) found that 
when dams were fed thiouracil, a. thyroid inhibiting chemical, 
chicks took lon^'jer to hff.tch, had heavier thyroids and longer 
closed-vessel survival time, indicatinj;; hypothyroidism. 
These results were confirmed by Wheeler and Hoffman (1948). 
Both reports suggest a maternal influence on the metabolif^m 
of the offspring. 
If inbreds are hypothyroid, vyhp.t other effects mi^rht be 
expected? Grollman (1947) listed, among the effects of thy­
roid deficiency, lowered metabolism, decrease in collular 
metabolism, subnormal body temperature, cnemif, lower leuco­
cyte count, and, in the youn,-';, decrensed growth rate. The 
chcvracteristics of Inbreds are suggeRtive of lowered metabo­
lism, and decreased growth rnte is common. Evidence is lack­
ing for the other characteristics, but animals of strains sus­
ceptible to bacterial disease have many of them. 
Gowen (1946) ond Gowen and Calhoun (194.3) reported 
higher erythrocyte and leucocyte counts in mice resistant 
"to 3. typhimurlum. X-ray irradiation reduced leucocyte 
count and resistance at the same rate. Roberts, Severens, 
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and Card (1339) found a higher proportion of lymphocytes in 
their birds resistant to S. pullorum. with X-ray treatment 
reducinti resistance. 
Bell (1949) found higher normal temperature in chickens 
resistant to 3. Kallinarum. Artificially lowering tempera­
ture reduced resistance. Similar results were reported by 
Scholes and Hutt (194S) for 3. pullorum in chickens. Sev-
erens, Roberts, and Card (1944) found that their strain of 
chickens resistant to S. pullorum had higher normal body 
temperature. 
Bell (1949), v/ith chickens, and Gov/en (1948), with mice 
found greater lysing powers in leucocytes and macrophages of 
resistant strains. Bell found equal phagocytosis in cells 
from resistant and susceptible strains at the same tempera­
ture vivo. but phagocytosis increased v/ith temperature, 
suggesting greater phagocytosis in resistant birds. These 
results suggest increased cellular metabolism in resistant 
animals. They sugtiest: that part of the mortality among in-
breds may be attributed to susceptibility to bacterial disease. 
Environmental Compensation for 
Inbreeding Depression 
Fisher (1949), reviewing Darv/in's v;ork on selfing and 
crossing plants, noted that Darwin found greater variation 
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amon^ thB selfed planta than amorif'j non-inbred or croosed 
plants. Lerner (19f34) reported several like exejnples in 
more recent studies. From these he hypothesized that hetero-
zygotee are better "buffered" against the vicissitudes of 
environment. The heterozygote, therefore, exhibits less 
response to variations in environment, and is better able 
to v/ithstand change than the horaozygote. If this hypothesis 
is true, it vjould be desirable to find a more suitable and 
closely controlled environment for the inbred, so that it 
can live longer and reproduce more efficiently. Lush (1945, 
p. 98) stated "Breeding animals should be kept under environ­
ment like that for which their offspring are being bred." 
Vlhile this is desirable where selective breeding is being 
practiced, it would not necessarily apply to the maintenance 
of inbred populations where there is practical need for longer 
life and better reproductive performance. 
If lowered metabolism is the primary physiolo,r:^ical effect 
of inbreeding, perhaps this could be compensated partially 
by raising ambient temperatures. As an example, MaoLaury 
and Insko (1953) found that higher temperatures during the 
early incubation of turkey eggs caused a reduction of 2 per 
cent in early embryo mortality. The difference in mortality 
for the entire incubation period was 4 per cent. One might 
speculate further that slightly higher brooder temperatures 
than ordinarily used might increase the temperature of the 
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body and increase metabolism. During cold weather the 
lov;ered tnetabollsin of adult birds could be compensated with 
artificial heat. 
Different rations might be needed by inbreds. Waters, 
Oroschke, and ficott (1950) demonstrated that mortality varied 
between certain inbred lines on the same ration, and that 
ration chan^eo, eapecially in mineral components, could in­
fluence mortality to three weeks of age. Taylor, Lerner, 
and DeOme (1944) found reductions in laying-houBe mortality 
associated v.'ith changes in rations. These studies suggest 
that mortality among inbreds may be related to ration, and 
that inbred nutrient requirements may differ from those of 
\ 
non-inbred birds. 
The low heritabllity of egg production indicates that 
thfe factor is greatly influenced by environment. Since ration, 
spectral quality of light, intensity of light, and duration 
of light are all known to Influence production, it might be 
that changes in these conditions could counter the strong 
influence of inbreeding on egg production found by Stephen­
son (1949). 
If the poor performance of inbreds ie due to thyroid 
deficiency It should be possible experimentally to reverse 
the trend in reproductive performance by administration of 
thyroxine or dessicated thyroid. Aa a standard practice 
such therapy would be too expensive for practical use, 
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however. 
Practically all hcritGbllit.y estimates for reproductive 
characters reported in the literature have been of a low 
order. Inbreeding tends to lower heterozygosity and would 
thus lower the heritable intra-line variance, while the envi­
ronmental variance would be ascunied to remain constant. 
Since poor reproductive performance reduces numbers and 
length of life among inbreds it is suggested that environ-
iiietital factors should be more thoroughly investigated, with 
a vievv to finding environments more suitable to inbred birds. 
Such environments, if found, should lower the coot of produc­
ing inbreds and allow desirable lines to be maintained longer. 
'J-he ultimate outcome of such research should be the production 
of commercial hybrids with greater economy. 
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SUlvIMARY AND CONCLUSIONS 
This study represents an investigation of the effect of 
inbreeding- on mortality among inbred V/hite Le^^horns forming 
part of the Iowa Agrioulturol FJxperiraent Station floclt be-
tv;een 19-55 and 1947. Mortality v;a3 studied among 30,578 
inbred chicks and 16,275 non-inbred chioks to eight v;eek3 
of 10,492 Inbred" pullets and 4,919 non-inbred pullets 
frcMH eight \';eel-.3 to houain^,^-; and 7,441 inbred pullets and 
4,103 non-inbred pullets from houaing to the following July 
1. Of 52 inbred lines avaAlable, £5 were used for this ntudy. 
The seven not ufjed were disotirded or became lost within two 
years or lens. 
130th inbred and non-inbred stock originated from birds 
purchased from an Iowa breedejr prior to 1927. To this were 
added ooine exhibition feinalea and a Tancred production male. 
Inbreeding' vjas started in 19S7. Later introductions to the; 
inbreeding project included inbred birds from the Iowa State 
College Genetics Department, the Mt. Hope Farm, the New Jer­
sey Experiment station, the Minnesota Experiment Station, and 
England, as well as non-inbred birds from the Iowa Veterinary 
Research Institute, the Idaho Experiment Station, and some 
Oklahoma exhibition stock. Two introductions were made to 
the non-inbred stock during the same time. One group con­
sisted of ROP males, and the other came from the Idaho 
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Experiment Station. 
The lines studied were in reality sublines. Whenevur 
a line CLwcliuyd in reproductive yjerforniance so I'ar as to be 
near extinutiou, it waw crossed with another line, usually 
rolat',;d, to Torin a new line. The Bvera^'e life of an inbred 
line as a closed rioclc v;as five yeara. 
Inbreeding coofficientra were calculated according to 
the raothod ol' Writ£;ht (13£2a). CoelTicientc! varied from 
aero, in the case of a oroso of unrelated inbred lines, to 
65 per cent. 
Mortality of tiie birds ivas atudied in three separate 
periods - the brooder period (from hatching to eiyht weeks 
of aijje) , the rant^e period (from eight xveelts to housing), 
and the lai^'iiif^-houBe period (from laouaing to the following 
July 1) . 
Regression of mortality on inbrecdin^j; was estimated by 
three methods, here called the claaa center method (Method 
I), the control-corrected method (Method II), and the least 
squares method (Method III) . In Method I, birds were grouped 
into inbreeding coefficient classes at 10 per cent class 
intervals. Simple linear r-ei^resslon of class mean mortalities 
on inbreedin[5 class centerB was estimoted for each mortality 
period. In Method II both mortality and inbreeding were 
corrected using the non-inbred flocK.. Some inbreeding 
necessarily occurred in the non-inbred birds because of 
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closed flock breeding although close inbreeding; was avoided. 
'J-'he corrected values for each line-year vsuccliiys were then 
used to estimate linear regrussion. In Method III, reii,reaGion 
was estimated from unequal subclass numbers by moann of least 
squares. Also effects of line, year, and line-yc'ar inter-
action were estimated. The i-egressions obtained gre shown 
in Table 22. 








Mortality period I II III 
Brooder U • 2o 0.25 0.33 
Range 0.15 0.20 0.15 
Laying-house 0.4o 0.31 0.21 
To tal 0. 55 
The folloviing conclusions may be drawn from this study; 
1. Comparison by metna of the "t" test of the estimates 
of regression obtained by the different methods indi 
cates no significant-differenceB between those re­
sulting from Method II and those resulting from 
Method III. 
2. The reductions in sum of squares due to fitting 
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parameters obtained by Method III shov^ed highly sig­
nificant valutiG for lines, years, and line—year 
interaction in all three mortality perioda. 
3. Component of varianoo wnalysea indicate that line 
effects are greater tnan year or line-year interaction 
effects. E-xpreosed as per cent of tooal variance 
the vtriance components for lines hf:.d a ran^^e from 
60.1 to 97-6 in nine analyses. The unweighted mean 
vas 84.1 per cent. Tlie range for year effects was 
from 0 to 22.5 per cent, v;ith an unv/eighted mean of 
5.0 per cent. Variance components for line-yeor 
interaction had a ran^je from 2.4 to 32 >7 per cent, 
vjith an unv»eight.;d mean of 10.1 per cent. 
4. From a study of the relative influence of aelecLion 
and inbreeding on mortality it appears that under 
certain conditiono the ^.enetic t:;ain from selection 
can balanoe the depreaaion effect of inbreeding on 
mortality. Assuming a regression of ff.ortality on 
Inbreeding of .15, vith expected mortality at iiO 
per cent, and selecting the beat £0 per cent of the 
population for breeders, selection would offset a 
£0 per cent increase in inbreeding. With the same 
conditions, except that the regression of mortality 
on inbreeding is equal to .35, selection would offset 
only a 10 per cent Increase in inbreeding. 
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